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CHAPTER I 
 
GENERAL INTRODUCTION 
 
The TGF-β  superfamily 
 
Structure and formation of TGF-β  ligands 
Transforming growth factor-β (TGF-β) is the founding member of a large family 
of extracellular secreted polypeptide growth factors.  Over 50 evolutionary conserved 
TGF-β superfamily members have been identified in metazoa.  These members are 
classified into two subfamilies based on similarity of sequence and the specific signaling 
pathways: the TGF-β/Activin/Nodal subfamily and the BMP (bone morphogenetic 
protein)/GDF (growth and differentiation factor)/MIS (Muellerian inhibiting substance) 
subfamily (Shi and Massagué, 2003). 
While various TGF-β ligands play different biological roles, all members of the 
superfamily contain conserved sequences and structural features, and display a similar 
process of synthesis (Fig. 1.1).  Each monomer of TGF-β ligands is synthesized as a large 
pre-pro-protein that contains a hydrophobic signal peptide, an N-terminal pro-domain, 
and a C-terminal mature domain.  The mature domain contains 7-9 cysteine residues that 
are engaged in intramolecular disulfide bonds, forming a tight structure known as the 
“cysteine knot” (Sun and Davies, 1995).  One of common cysteine residues is involved in 
the formation of disulfide bond between monomers, resulting in biologically active 
homodimers or heterodimers.  Therefore, the few members that lack this cysteine residue
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Fig. 1.1  Post-translational modifications of the TGF-β  superfamily of ligands.  After cleavage 
of the signal peptide (SP) in a pre-pro-protein precursor, the dimerized pro-protein is further 
cleaved at the proteolytic site by a furin convertase.  Depending of the type of ligand, a dimer of the 
C-terminal peptide is either released free or associated with the N-terminal pro-domain to form a 
latent complex that binds to latent TGF-β binding proteins (LTBPs). Full lines: inter-molecular 
disulfide bounds.  Dashed lines: non-covalent interactions, C. cysteine residues.  This diagram is 
modified from Herpin et al., 2004. 
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for forming intermolecular disulfide bond, such as GDF3, GDF9, Lefty1 and Antivin are 
thought to function as monomers, or perhaps in some cases as non-covalent dimers 
(McPherron and Lee, 1993; Meno et al., 1996; Thisse and Thisse, 1999; Cheng et al., 
2000).  After cleavage of the signal peptide, the pro-proteins form dimers and these 
dimers are subsequently cleaved by subtilisin-like pro-protein convertase (SPC) family at 
a conserved (R/K)XX(R/K) amino acid sequence located just upstream of mature TGF-β 
superfamily peptide sequence.  For example, SPC1, also known as Furin, is involved in 
the processing of TGF-β1 (Dubois et al., 1995).  Mostly, these dimerized mature proteins 
are secreted and play several biological roles as TGF-β ligands.  However, the cleaved 
pro-domain of TGF-β1 remains non-covalently associated with mature protein as 
“latency-associated polypeptide” (LAP; Fig. 1.1).  The LAP may be retained on cell 
membrane by binding covalently with large secretory glycoproteins, known as latent 
TGF-β-binding proteins (LTBPs; Sterner-Kock et al., 2002; Yin et al., 1998; Giltay et al., 
1997).  It is thought that the LAP maybe involved in regulating receptor activation by 
TGF-β1 (see below; Fig. 1.3).   
 
Signal transduction of TGF-β  signaling 
Signaling initiated by TGF-β ligands is involved in controlling a varied set of 
cellular processes, including cell proliferation, recognition, differentiation, apoptosis, and 
specification of developmental fate in several species ranging from flies to humans 
during embryogenesis as well as in mature tissues (Patterson and Padgett, 2000; 
Massagué et al., 2000; ten Dijke et al., 2002).  The common features in the TGF-β 
signaling mechanism are (Fig. 1.2): (1) Dimerized TGF-β ligands bind to and bring 
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Fig. 1.2  The signaling pathway of TGF-β  superfamily.  Dimerized ligands assemble a receptor 
complex with type I and type II (1) and R-Smads is phosphorylated by type I receptor kinases (2).  
The R-Smad interacts with a Co-Smad in cytoplasm and this Smads complex translocates into 
nucleus (3).  The Smads complex interacts with cell-specific cofactors, acting as a coactivator such 
as FAST/FoxH1 and CBP/p300, or corepressor such as c-Myc and c-Ski/SnoN for target gene 
expression (4).  I-Smad induced by TGF-β signaling negatively regulates TGF-β signaling by 
competing with R-Smad for type I receptor or Co-Smad interaction, and by targeting the receptor 
complex for proteasomal degradation with Smurf E3 ubiquitin ligases (5). 
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together type I and type II receptor serine/threonine kinases on the cell surface, resulting 
in the formation of a heterotetra-receptor complex in which the two type II receptors 
phosphorylate the two type I receptors (Massagué, 1998; Shi and Massagué, 2003; Feng 
and Derynck, 2005).  (2) The activated type I receptor kinases in turn phosphorylate and 
activate a specific receptor-regulated Smad (R-Smad).  (3) The activated R-Smad 
interacts with Co-mediator Smad (Co-Smad), Smad4, in cytoplasm and the Smad 
complex translocates into nucleus.  (4) The Smads complex regulates transcription of 
target genes positively or negatively together with other nuclear cofactors.  (5) TGF-β 
signaling is regulated by inhibitory Smads (I-Smad), such as Smad6 and Smad7, that 
target R-Smad or degrades the receptor complex with Smurf E3 ubiquitin liagase. 
Two subfamilies of the TGF-β receptor family, such as type I and type II receptors are 
grouped according to the ligand subfamilies that receptors bind (Fig. 1.3).  Generally, 
ligands, such as TGF-β and Activin, show high affinity for the type II receptors and do 
not interact with isolated type I receptors, resulting in a stepwise recruitment of the type I 
receptor into ligand-type II receptor complex (Moustakas et al., 1993; Wrana et al., 1992; 
Massagué, 1998; Shi and Massagué, 2003; Feng and Derynck, 2005).  In contrast, BMP 
ligands, such as BMP2 and BMP4, have high affinity for the extracellular domain of type 
I BMP receptors, resulting in higher binding affinity of ligand-type I receptor complex 
for type II receptors. (Shi and Massagué, 2003; Feng and Derynck, 2005)  The close 
proximity between the type I and the type II receptor induced by ligand binding facilitates 
phosphorylation and subsequent activation of the type I receptor.  The constitutively 
active type II receptor kinases phosphorylate multiple serine and threonine residues in the 
TTSGSGSG sequence of the cytoplasmic GS region of the type I receptors, leading to  
 6 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.3  Schematic relationships among TGF-β  ligands, ligand inhibitors, accessory 
receptors, and the Type I and II receptors in vertebrates.  The downstream R-Smads 1, 2, 3, 5, 
and 8 are grouped based on their signaling specificity. This diagram is modified from Shi and 
Massagué (2003). 
 7 
activation of the type I receptor kinases.   
After activation, the type I receptor kinases in turn phosphorylate different types 
of R-Smad, based on ligands interacting with receptors (Fig. 1.3): whereas the TGF-
β/Activin/Nodal subfamily activates Smad2 and Smad3, the BMP /GDF /MIS subfamily 
phosphorylates Smad1, Smad5 and Smad8.  This ligand-dependent activation of 
specificR-Smad gives rise to different biological response.  For example in early Xenopus 
embryogenesis, the overexpression of BMP-dependent Smad1 and Activin-dependent 
Smad2 induces ventral and dorsal mesoderm, respectively (Graff et al., 1996; Thomsen 
1996).  In order to be phosphorylated by type I receptor, R-Smad, which is predominantly 
localized in the cytoplasm, needs to interact with the ligand-receptor complex.  The 
localization of R-Smad into the ligand-receptor complex may be facilitated by two 
proteins, such as Smad anchor for receptor activation (SARA) and Hgs (Tsukazaki et al., 
1998; Miura et al., 2000).  SARA and Hgs contain a FYVE-domain that binds Smad2 and 
Smad3, and also phosphotidyl inositol-3-phosphate in the plasma membrane and early 
endosomes (Wurmser et al., 1999; Tsukazaki et al., 1998; Miura et al., 2000).  Therefore, 
the interaction of receptors with SARA/Hgs and Smad2/3 in early endosomes may be 
essential for efficient initiation of TGF-β signaling (Di Guglielmo et al. 2003; Hayes et 
al. 2002; Panopoulou et al. 2002; reviewed in Feng and Derynck, 2005).  However, the 
phosphorylation of C-terminal two serine residues within the flexible SSXS motif in the 
R-Smad (Abdollah et al., 1997; Souchelnytskyi et al., 1997) destabilizes R-Smad 
interaction with SARA/Hgs and increases R-Smad affinity for Smad4, a co-Smad (Shi 
and Massagué, 2003).  Smad4 is normally localized in both the cytoplasm and nucleus, 
undergoing continuous nuclear import via the nuclear import signal in MH1 domain and 
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nuclear export via the nuclear export signal in the linker region (Pierreux et al., 2000; 
Watanabe et al., 2000; Xiao et al., 2003; Inman et al., 2002).  Currently, it is thought that 
the formation of heteromeric complex between R-Smad and Co-Smad may mask the 
nuclear export signal, resulting in accumulation of the Smad complex in the nucleus 
(Watanabe et al., 2000; Xiao et al., 2003; Inman et al., 2002). 
In the nucleus, individual Smad proteins have the relatively low specificity of 
DNA binding activity.  For example, while Smad4 and all R-Smads except Smad2 
interact with the minimal Smad binding element (SBE), some of Smads, such as Smad4, 
Smad3, and Smad1, also bind to G/C-rich sequences (Johnson et al., 1999; Shi et al., 
1998; Zawel et al., 1998; Ishida et al., 2000; Kim et al., 1997; Labbe et al., 1998).  
Therefore, the specific transcriptional response is likely to be determined by cofactors 
that bind to the Smad complex in the nucleus.  Indeed, several kinds of DNA binding 
proteins have been shown to function positively or negatively as partners with the Smad 
complex: forkhead (e.g. Fast1 or FoxH1), homeobox (e.g. Mixer), CBP/p300, E-box, 
Jun/Fos, Runx, c-Ski/SnoN, CREBP, and E2F (reviewed in Attisano and Wrana, 2000; 
Massagué and Wotton, 2000; ten Dijke et al., 2000; Shi and Massagué, 2003; Feng and 
Derynck, 2005).  For example, Xenopus Forkhead Activin Signal Transducer 1 (FAST1 
or FoxH1) interacts with the Smad2/Smad4 complex and upregulates the activin response 
gene Mix2 (Chen et al., 1996; 1998). 
 
Regulation of TGF-β  signaling  
Numerous studies examining TGF-β signaling have uncovered many regulatory 
mechanisms at the every step of TGF-β signal transduction (reviewed in Massagué and 
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Chen, 2000).  In this section, I will summarize briefly the regulation of TGF-β ligands 
and receptor activation. 
Several diffusible ligand-binding proteins can directly interact with TGF-β 
ligands in the extracellular space and regulate the overall strength of TGF-β signaling by 
inhibiting the formation of ligand-receptor complex (Fig. 1.3).  As mentioned earlier, 
after secretion, LAP non-covalently binds to the mature TGF-β1 ligand, which is not 
recognized by the signaling receptors.  This signaling appears to be initiated through 
releasing mature TGF-β1 ligand from LAP by thrombospondin-1 (TSP-1) which changes 
the conformation of LAP (Crawford et al., 1998).  Similarly, the small proteoglycan 
decorin and the circulating protein α2-macroglobin bind to free TGF-β (Shi and 
Massagué, 2003).  A soluble secreted glycoprotein, Follistatin, binds to Activin and 
BMP, and inhibits interaction with Activin and BMP receptors, respectively (de Winter et 
al. 1996; Iemura et al. 1998).  Accordingly, Follistatin induced neural tissue in Xenopus 
explants, probably by inhibiting of BMP signaling (Hemmati-Brivanlou et al. 1994).  In 
addition, BMP and Nodal signaling are negatively regulated by several secreted 
molecules, such as Chordin, Noggin and DAN/Cerberus for BMP signaling, and 
Lefty/Antivin and Cerberus for Nodal signaling (Massagué and Chen, 2000; Chen and 
Shen, 2004).  These molecules play crucial roles in various developmental processes.  
One of my dissertation projects focuses on this type of TGF-β signaling regulation: the 
regulation of Nodal signaling by a secreted factor, Lefty/Antivin. 
Membrane-bound coreceptors also regulate the interaction between ligands and 
receptors.  The membrane-anchored proteoglycan betaglycan, also known as the TGF-β 
type III receptor, facilitates TGF-β binding to the type II receptor (Brown et al., 1999; 
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Massagué, 1998).  Similarly, the betaglycan-related protein endoglin is thought to be a 
coreceptor of the ligand for the ALK1 receptor in endothelial cells and be critical for 
vascular homeostasis (Marchuk, 1998; Massagué et al., 2000).  During vertebrate 
embryogenesis, EGF-CFC proteins such as Cripto and Cryptic in the mouse, and One-
eyed pinhead (Oep) in zebrafish that are extracellular glycosylphosphatidylinositol (GPI)-
linked factors function as cofactors of Nodal, Vg1 and GDF1, perhaps mediating the 
binding these ligands to Activin receptors (Cheng et al., 2003; Rosa, 2002; Shen and 
Schier, 2000).  Unlike Activin signaling, therefore, the signaling via Nodal, Vg1 and 
GDF1 ligands is thought to require EGF-CFC proteins. 
Intercellular proteins also regulate activated receptor-ligand complexes.  For 
example, the inhibitory Smads (I-Smad), Smad6 and Smad7, which are induced by TGF-
β signaling, are involved in this process (Hayashi et al. 1997; Imamura et al. 1997; Nakao 
et al. 1997).  I-Smad recruitment leads to the ubiquitination and degradation of the 
receptor-ligand complex via E3 ubiquitin ligases called Smad ubiqitination regulatory 
factors (Smurfs) (Fig. 1.2; Ebisawa et al., 2001; Tajima et al., 2003).  The receptor-I-
Smad-Smurfs complex is internalized via caveolin-positive vesicles toward the 
proteasome for degradation (Di Guglielmo et al., 2003).  In addition to this function, I-
Smad also compete with R-Smad for binding to the type I receptor, and co-Smad in terms 
of the entire receptor-ligand complex (Shi and Massagué, 2003; Feng and Derynck, 
2005).  Overall, the steps leading to receptor activation are tightly regulated by several 
molecules at the extracellular, membrane, and intracellular levels.  
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Mesoderm induction in vertebrate embryos 
 
Nodal as a mesoderm-inducing molecule 
During early vertebrate embryogenesis, one of the crucial events is the induction 
and patterning of the three germ layers: endoderm, mesoderm and ectoderm.  The 
concept of mesoderm induction derives from a series of tissue graft experiments with 
amphibian embryos by Nieuwkoop.  In these pioneering experiments, the animal cap that 
normally becomes presumptive ectoderm generated different types of mesodermal tissues 
with dorsal-ventral patterning bias when combined with different regions of vegetal cells 
at blastula stage (reviewed by Harland and Gerhart, 1997).  These results suggested that a 
signal released from the vegetal cells induces the overlying cells to form mesoderm in the 
marginal zone, resulting in three germ layers.  In further experiments using heterochronic 
grafts, the mesoderm-inducing activity was detected in vegetal cells isolated from the 16 
to 32-cell stage embryos (Jones and Woodland, 1987).  Since zygotic transcription in 
Xenopus embryos is activated at the midblastula transition, or MBT, which is several 
hours later from 32-cell stage, it was generally thought that the endogenous mesoderm-
inducing signal must be a maternal transcript or a protein.  Based on the criteria, two 
members of TGF-β family of signaling molecules such as Activin (Asashima et al., 1990; 
Smith et al., 1990; Thomsen et al., 1990) and Vg1 (Thomsen and Melton, 1993) were 
postulated to be strong candidates as endogenous mesoderm inducers.  Indeed, both 
molecules are provided maternally, either as protein (activin) or as RNA and protein 
(Vg1), and have mesoderm-inducing activities in animal cap assays (Uchiyama et al., 
1994; Weeks and Melton, 1987; Harland and Gerhart, 1997).  However, several 
 12 
subsequent studies suggested that these molecules might not be required for the formation 
of vertebrate mesoderm.  For example, mouse mutants for both Activin βA and Activin βB 
progress through normal embryogenesis with mesoderm formation (Matzuk et al., 1995).  
In Xenopus embryos, inhibition of Activin activity with its inhibitor Follistatin does not 
perturb mesoderm formation (Schulte-Merker et al., 1994).  In addition, the mature form 
of Vg1 has not been detected in vivo and its mesoderm-inducing activities were achieved 
by chimeric BMP-Vg1 protein but not by wild-type Vg1 (Dale et al., 1989; Tannahill and 
Melton, 1989).  Furthermore, overexpression of a mutant form of Vg1 that blocks normal 
Vg1 activities does not inhibit the formation of ventral and lateral mesoderm (Joseph and 
Melton, 1998).  A very recent study using an antisense oligonucleotide and a morpholino 
suggested that maternal Vg1 is essential for mesoderm induction but, with the caveat that 
the knockdown may not have been complete, with a specific function in the induction of 
anterior mesendodermal genes (Birsoy et al., 2006).  These results, therefore, indicate 
that other members of the TGF-β family act as endogenous mesoderm-inducing 
molecules in a more general sense. 
Though the overexpression of Cripto, a gene encoding coreceptor a protein 
required for Nodal signaling, has been detected in various human cancer cell lines, such 
as primary colorectal carcinomas and mammary carcinomas (reviewed by Persico et al., 
2001), it is not completely certain that Nodal itself has non-embryonic functions, i.e., in 
tissue homeostasis in the adult organism, or becomes reactivated in cancer, in adult 
organisms (Massagué, 1998; Levy and Hill, 2006).  In contrast, genetic studies in the 
mouse imply that Nodal might be an endogenous mesoderm inducer in vertebrate 
embryos.  Nodal was isolated from retroviral insertion mutation in the mouse embryos 
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and has been shown to be essential for the establishment of the primitive streak from 
which both mesoderm and definitive endoderm are derived (Conlon et al., 1994; Zhou et 
al., 1993).  Similarly, double mutants for the zebrafish Nodal-related genes, squint (sqt) 
and cyclops (cyc), were impaired in mesoderm formation and failed to form germ-ring, a 
structural analogue of the mouse primitive streak (Feldman et al., 1998; Rebagliati et al., 
1998; Sampath et al., 1998; Erter et al., 1998).  Conversely, cyc and sqt induced both 
mesoderm and endoderm when ectopically expressed (Sampath et al., 1998; Erter et al., 
1998; Gritsman et al., 2000; Kikuchi et al., 2000).  In Xenopus, six Nodal-related genes 
have been identified (Jones et al., 1995; Smith et al., 1995; Joseph and Melton, 1997; 
Takahashi et al., 2000).  Except Xnr3 that has neural induction activity (Hansen et al., 
1997), Xnr1, Xnr2, Xnr4, Xnr5 and Xnr6, like mouse Nodal, can induce mesoderm in 
animal caps (Jones et al., 1995; Joseph and Melton, 1997; Takahashi et al., 2000).  
Mesoderm-inducing activities of Xnrs were also supported by loss of function 
experiments with Xnr specific inhibitors such as a dominant-negative cleavage mutant of 
Xnr2 (cmXnr2; Osada and Wright, 1999), cerberus-short (cer-S) that encodes a C-
terminal fragment of Cerberus and specifically blocks Xnrs by direct physical interaction 
(Piccolo et al., 1999), and Xlefty/Xantivin (Xatv; Cheng et al., 2000), which suppresses 
or abrogates mesoderm induction in Xenopus embryos (Osada and Wright, 1999; Agius 
et al., 2000; Tanegashima et al., 2000).  Therefore, these data establish that Nodal factors 
act as conserved endogenous mesoderm inducers in vertebrate embryos. 
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Two-step model for mesoderm induction in Xenopus embryos  
The classical heterochronous graft experiments, as mentioned above, have shown 
mesoderm-inducing activity by vegetal cells as early as 16 to 32-cells stage in Xenopus 
embryos.  This result appears to conflict with data on the expression of mesoderm-
inducing molecules, Xnrs, at blastula stage.  The disparity of these two findings was 
resolved by identifying a maternal VegT, a T-box transcription factor localized vegetal 
cortex in oocyte (Zhang and King, 1996).  Normally, endoderm develops in the vegetal 
region.  However, depletion of maternal VegT mRNA using antisense oligonucleotides 
alters the patterning of germ layer specification, and mesoderm became formed in the 
vegetal region. Furthermore, the vegetal explants derived from VegT-depleted embryos 
lost mesoderm-inducing activity (Zhang et al., 1998).  Therefore, these data strongly 
suggest that the maternal VegT is a key activator of TGF-β signals for mesoderm 
induction and provide, together with several subsequent studies, the revised two-step 
model for mesoderm induction (Yasuo and Lemaire, 1999; Kofron et al., 1999; Clements 
et al., 1999; Agius et al., 2000; Hyde and Old, 2000; Takahashi et al., 2000).  
The first step in this model is the initiation of Xnrs expression during blastula 
stage by VegT and β-catenin in a cell-autonomous manner.  Importantly, specific 
localization of these two molecules determines the expression gradient of Xnrs at blastula 
stage, resulting in the induction of dorsal and ventral mesoderm.  As mentioned above, 
maternal VegT mRNA is localized to the vegetal cortex (Zhang and King, 1996) 
indicating the first symmetry-breaking event that distinguishes mesendoderm from 
ectoderm.  The second symmetry-breaking event is the localization of nuclear β-catenin 
into the entire dorsal side, from animal through equatorial to vegetal region, of embryos 
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after fertilization.  In a recent study, movement of Wnt11 mRNA from vegetal to 
dorsovegetal side by cortical rotation and subsequent release of Wnt11 protein into 
dorsovegetal cells are likely to induce nuclear localization of β-catenin in the entire 
dorsal side (Tao et al., 2005).  Therefore, high levels of Xnrs are expressed in the dorsal 
endoderm where both vegetally deposited VegT and dorsally localized nuclear β-catenin 
exist during blastula stage, leading to formation of the Nieuwkoop center.  Indeed, the 
Xnr1 promoter contains VegT and Lef-1/β-catenin binding sites, and both VegT and β-
catenin synergistically increase Xnr1 expression, suggesting that the initiation of Xnrs 
expression by these factors is direct and cell autonomous (Hyde and Old, 2000; Kofron 
ea al., 1999; Agius et al., 2000).  Similarly, these maternal factors seem to cooperatively 
activate the expression of Xnr5 and Xnr6 (Takahashi et al., 2000; Rex et al., 2002; Yang 
et al., 2002).  When vegetal cells are dissociated, however, the expression of Xnr1 and 
Xnr2 is greatly reduced, which is in contrast with the maintenance of relatively high 
levels of Xnr5 and Xnr6 RNA under the same conditions (Takahashi et al., 2000).  
Furthermore, since Xnr5 and Xnr6 are expressed earlier than other Xnrs, upregulated by 
only VegT, and induce other Xnrs expression, the primary targets of VegT might be Xnr5 
and Xnr6 in endoderm region, although Xnr1 and Xnr2 have binding sites for maternal 
factors in the promoter and are also significantly regulated by VegT and β-catenin.  
Unlike the high level of Xnr expression in dorsal side, which might be accomplished by a 
combination of VegT and other dorsal signals as summarized above, the low level of 
Xnrs may be primarily activated in the ventral side by maternal VegT alone.   
The second step involves non-cell-autonomous intercellular Xnr signaling, 
resulting in mesoderm induction during blastula stage and specification of germ layer 
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during gastrulation.  Since Xnr5 and Xnr6 are transiently and cell-autonomously activated 
via VegT, other Xnrs such as Xnr1 and Xnr2 are perhaps more associated with the 
upregulation and maintenance of Xnrs expression via Xnr cell-to-cell autoinductive 
signaling.  The important events in this step are not only the induction of dorsal and 
ventral mesoderm fate by high and low levels of Xnr signaling along the dorsoventral 
axis, respectively, but also the maintenance of a gradient of Xnr signaling through Xnr-
Xnr autoregulation (see below), leading to full spectrum of patterned mesoderm 
specification that occurs during gastrulation.  Therefore, high and low levels of Xnr 
signaling in the Nieuwkoop center and ventral endoderm induce the Spemann organizer 
and ventral mesoderm in overlying cells, respectively, by early gastrulation.  
Even though the mechanism of underlying initiation of Xnr signaling via maternal 
factors is well established in Xenopus embryos, it is uncertain if the maternal factor-
mediated cell-autonomous function is a phylogenetically conserved mechanism for Nodal 
activation in vertebrate embryogenesis.  For example, zebrafish homolog of VegT is not 
expressed prior to the expression of cyc and sqt (Ruvinsky et al., 1998).  Furthermore, 
non-cell autonomous signaling from the yolk syncytial layer (YSL) is necessary for the 
endogenous expression of ventrolateral cyc and sqt.  This signal also seems to be 
something other than Nodal itself, as it still induces ventrolateral expression of cyc and 
mesodermal markers in MZoep mutants, a background that is non-Nodal-responsive 
(Chen and Kimelman, 2000; Meno et al., 1999).   
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Nodal signaling in vertebrate embryos 
As with other TGF-β signaling pathways, Nodal signaling is mediated by the type 
I/type II receptor complex.  Many studies suggest that “activin receptors” are the 
predominant receptors for Nodal ligands.  Genetic studies in mouse embryos show that 
activin receptors such as ActRIB (ALK4), ActRIIA and ActRIIB are involved in Nodal 
signaling (Gu et al., 1998; Oh and Li, 1997; Song et al., 1999).  For example, ActRIB-/- 
embryos failed to form primitive streak, which is similar to the defects seen in Nodal-/- 
embryos (Gu et al., 1998).  In Xenopus and zebrafish assays with dominant-negative 
forms of type I receptors, ALK4, ALK7 and TARAM-A mediate Nodal signaling as well 
as Activin signaling (Reissmann et al., 2001).   
The specificity of Nodal signaling is determined by its coreceptors EGF-CFC 
factors, a family of GPI-linked extracellular glycoproteins (Shen and Schier, 2000).  
EGF-CFC genes have been characterized in mouse (Cripto and Cryptic), human (hCripto 
and hCryptic), chick (cripto), zebrafish (one-eyed pinhead, oep) and frog (FRL-1).  In 
zebrafish, the phenotype of maternal and zygotic oep (MZoep) mutants appears to be 
identical to that of cyc;sqt double mutant, and MZoep mutant embryos are unresponsive 
to Nodal ligands (Gritsman et al., 1999).  Similarly, the mouse Cripto mutant partially 
phenocopies the Nodal mutant (Ding et al., 1998).  Biochemical studies in Xenopus 
embryos with mouse molecules indicate that Cripto enhances Nodal ligand binding to 
ALK4/ActRIIB receptor complex (Reissmann et al., 2001; Yeo and Whitman, 2001), 
although it has not been proven in vivo.  Genetic and biochemical studies in zebrafish and 
Xenopus indicate that EGF-CFC proteins also play an essential role in signaling for the 
ligands Vg1 and GDF1 (Cheng et al., 2003). 
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Currently, it is postulated that Nodal signaling induces the phosphorylation of 
Smad2 and possibly Smad3 (Kumar et al., 2001; Lee et al., 2001; Yeo and Whitman, 
2001).  After the translocation of the activated Smads into nucleus, together with Smad4, 
the Smad complex regulates tissue-specific transcriptional activation by interaction with 
tissue- or stage-specific DNA-binding cofactors.  The most well known cofactor is the 
winged helix transcription factor FAST-1 (FoxH1), which has been characterized in 
human, mouse, zebrafish and frogs.  Several studies such as analysis of activin/Nodal 
responsive elements and ectopic expression of the activated form of FoxH1 identify many 
potential target genes for Nodal signaling (Whitman, 2001).  For example, in frogs, a 
range of mesendodermal and organizer genes such as Goosecoid (Gsc), Xlim and Mixer 
were identified to be responsive to Nodal signaling via FoxH1 (Watanabe and Whitman, 
1999).  However, inactivation of FoxH1 in mouse and zebrafish does not severely affect 
embryonic patterning, in contrast to the severe phenotype of Nodal mutant embryos, 
suggesting that other cofactors are involved in transcriptional regulation with activated 
Smad2 or Smad3.  For example, Gsc expression in Xenopus is also activated by the 
complex of Smad2 with Mixer, a paired-type homeodomain protein (Germain et al., 
2000).  Since detected in early endoderm, Mixer family may be important for Nodal 
signaling of endoderm gene expression (Germain et al., 2000; Henry and Melton, 1998).  
 
Positive and negative regulation of Nodal signaling via FoxH1 
As mentioned above, it is not clear whether the signals that initiate Nodal 
expression are conserved across species, although links to maternally deposited inducers 
such as dorsally localized β-catenin have been made in Xenopus and zebrafish (reviewed 
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Fig. 1.4  Positive and negative feedback regulation by Nodal and its inhibitor Lefty/Antivin.  
Nodal signaling induces the expression of both Nodal and lefty/antivin in FAST/FoxH1-dependent 
manner.  And then Lefty/antivin functions as a negative feedback regulator by inhibiting Nodal 
signaling.  
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in Whitman, 2001; Schier, 2003).  However, conserved cis-regulatory regions are 
beginning to be characterized that these regions are involved in controlling later aspects 
of the maintenance and upregulation of expression of Nodal/Nodal-related genes in 
several species.  Among these, a FAST/FoxH1-binding site in the Nodal promoter is 
involved in Nodal expression induced by Nodal signaling (Fig. 1.4; Norris and 
Robertson, 1999; Adachi et al., 1999; Osada et al., 2000; Pogoda et al., 2000; Saijoh et 
al., 2000).  This FAST/FoxH1-dependent Nodal autoregulatory loop maintains and 
upregulates Nodal expression both in the prospective mesendoderm during gastrulation, 
and in left lateral plate mesoderm during left-right (L-R) patterning.  Indeed, an 
evolutionarily conserved intronic enhancer containing a pair of FAST/FoxH1 binding 
sites has been identified in mouse Nodal, frog Xnr1 and ascidian Nodal-related 1 (Osada 
et al., 2000).  Therefore, these data suggest the functional and structural conservation of 
the FAST/FoxH1-dependent Nodal autoregulatory loop among chordates.   
Such loops have an intrinsic property of tending to expand expression of the 
autoregulated gene through embryonic tissue, an effect that must be offset by negative 
feedback mechanisms in order to prevent inappropriate inductive effects.  Well-known 
examples of such feedback in other signaling systems include the induction of Ptc by Hh 
(Ingham and McMahon, 2001), and Dad by the Drosophila TGF-β-related molecule Dpp 
(Tsuneizumi et al., 1997).  Likewise, FAST/FoxH1 regulates the expression of the Nodal 
antagonist such as lefty2/antivin in the early prospective mesoderm of mice, zebrafish 
and Xenopus, and in the left lateral plate mesoderm of mice (Fig. 1.4; Pogoda et al., 2000; 
Watanabe and Whiteman, 1999; Yamamoto et al., 2001; Saijoh et al., 2000), probably 
through the same intronic FAST/FoxH1-binding enhancer for Nodal autoregulatory loop 
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(Osada et al., 2000; Saijoh et al., 2000).  Therefore, FAST/FoxH1 is believed to control 
both positive and negative regulation of Nodal signaling. 
 
Negative feedback regulation of Nodal signaling by Lefty/Antivin 
Over the last several years, a major patterning principle to emerge is that the 
Organizer region of the embryo establishes a “dorsal”-specific region by secreting a 
cocktail of factors that antagonize and/or modulate the activity of TGF-β-related inducers 
by direct binding to the ligands.  Examples include Noggin and Twistd gastrulation (Tsg) 
for BMPs (reviewed in De Robertis et al., 2000; Blitz et al., 2003).  The restrictive 
influences on Nodal signaling are Lefty/Antivin and Cerberus, direct targets of Nodal 
signaling.  In Xenopus, head induction requires the triple inhibition of Nodal-related, Wnt 
and BMP signals by Cerberus secreted from anterior endoderm (Bouwmeester et al., 
1996; Piccolo et al., 1999), suggesting that Cerberus is likely to function as a region-
specific feedback inhibitor of Nodal signaling.  In contrast, Lefty/Antivin is thought to be 
a general negative feedback inhibitor of Nodal signaling because of the expression 
domain of Lefty/Antivin following Nodal expression spatiotemporally and its inhibitory 
activity for Nodal signaling during mesendoderm specification and L-R asymmetry 
specification in several species.  Recently, it has been proposed that Lefty may also 
influence the Wnt signaling pathway (Branford and Yost, 2002). 
Like Nodal, Lefty molecules have been identified in several species: mouse and 
zebrafish lefty1 and lefty2 (also known as antivin in zebrafish) and Xenopus antivin 
(Xatv), an alternate name for Xenopus lefty (Xlefty; Meno et al., 1996; 1997; Thisse and 
Thisse, 1999; Bisgrove et al., 1999; Cheng et al., 2000; Tanegashima et al., 2000).  The 
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expression of lefty/antivin is first detected in the domain such as the primitive streak in 
mouse, dorsal blastoderm margin in zebrafish, and dorsal mesendoderm in Xenopus 
where the expression and signaling of Nodal are also first seen.  After the initiation of its 
expression, the lefty/antivin expression domain spatiotemporally follows Nodal 
expression, suggesting Lefty/Antivin may function as a negative feedback inhibitor of 
Nodal signaling (Fig. 1.4).  Indeed, overexpression of Nodal induces the expression of 
lefty/antivin directly in zebrafish and Xenopus (Meno et al., 1999; Cheng et al., 2000; 
Tanegashima et al., 2000).  Furthermore, zebrafish phenotypes induced by 
overexpressing Lefty or Antivin are almost identical to those shown in cyc;sqt double 
mutants, or MZoep mutants (Meno et al., 1999).  Similarly, injection of Xlefty/Xatv 
suppresses the expression of several marker genes induced by Xnr signaling in Xenopus 
animal cap and whole embryos (Cheng et al., 2000; Tanegashima et al., 2000).  
Conversely, loss of Lefty/Antivin function in mouse and zebrafish enhances Nodal 
signaling during mesendoderm induction (Meno et al., 1999; Agathon et al., 2001; Chen 
and Schier, 2002; Feldman et al., 2002).  Deficiency of Xlefty also increases the 
expression of marker genes that are influenced by Xnr signaling at gastrula stage 
(Branford and Yost, 2002; Tanegashima et al., 2004). 
Members of the Lefty subfamily of TGF-β molecules are expected to be 
structurally different from other TGF-β family members (Meno et al., 1996; Thisse and 
Thisse, 1999; Cheng et al., 2000).  Lefty proteins do not have the large α-helix and a 
cysteine residue that are involved in covalent dimerization of TGF-β molecules, 
suggesting that Lefty acts as a monomer.  In Xenopus oocytes, the processed forms of 
mouse Lefty1 and Lefty2 were detected as monomers, supporting the structural 
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prediction (Sakuma et al., 2002).  Initially, Lefty was thought to inhibit Nodal and 
Activin signaling via competitive binding to Activin receptors with Nodal or Activin 
ligands because the extracellular domain of ActRIIB blocks the antagonistic effects of 
Lefty, as well as the effect of overexpression of sqt (Meno et al., 1999).  Additionally, the 
constitutively activated forms of Type I activin receptors inhibited the antagonistic 
effects of Lefty (Thisse and Thisse, 1999).  Subsequent studies, however, suggested 
different mechanisms of Lefty-mediated inhibition of Nodal signaling (Cheng et al., 
2004; Chen and Shen, 2004; Tanegashima et al., 2004).  From FoxH1/P-Smad2 
responsive reporter assays, marker analysis and biochemical studies in cultured cells and 
embryos, Lefty was found to antagonize EGF-CFC-dependent pathways such as Nodal 
and Vg1/GDF1 signaling at the level of the receptor complex, either by binding the EGF-
CFC factor directly (Cheng et al., 2004; Chen and Shen, 2004; Tanegashima et al., 2004), 
or perhaps by physical interactions with the Nodal ligand itself (Chen and Shen, 2004).  It 
is possible that Nodal and Lefty compete for the same binding site on EGF-CFC, and/or 
that Lefty directly binds the Nodal ligand.  Therefore, Lefty blocks Nodal signaling either 
by preventing ligand from entering into an active receptor-ligand-cofactor complex, or by 
forming an inactive super-complex with all the factors together – perhaps through 
inducing an inactive conformation of the receptor.  
 
The function of Nodal ligands as morphogens 
Cell fate is specified not only by interactions between neighboring cells but also 
by specific soluble molecules, called morphogens, that can act at a significant distance 
from the secreting cells.  The concept of the morphogen gradient has arisen to account for 
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how cells can determine and consequently adopt their appropriate fates during 
development (Neumann and Cohen, 1997; Podos and Ferguson, 1999).  A morphogen is 
defined as a secreted molecule, which can travel away from a localized source and 
directly determine different cell fates in concentration-dependent manner.  A well-known 
example is the anteroposterior axis formation in the wing disc by Drosophila Dpp 
signaling (Podos and Ferguson, 1999). 
Several studies suggest that Nodal may function as a morphogen for inducing 
mesodermal cell fates because some of the secreted Nodal proteins can induce different 
mesoderm-specific genes in a concentration-dependent manner and signal over long 
distances (Jones et al., 1995; Gritsman et al., 2000; Chen and Schier, 2001; Sakuma et al., 
2002; Williams et al., 2004).  A strong example is zebrafish Sqt.  Ectopic sqt 
overexpression assays in the background of wild type and MZoep mutant embryos 
support that Sqt dose-dependently induces downstream genes directly at long distance 
without relay signals, whereas Cyc has only short-range activities (Chen and Schier, 
2001).  In Xenopus, there is conflicting evidence regarding the signaling range of Xnr2.  
Previous studies using animal cap conjugation assays indicate that Xnr2 acts over a short-
range (Jones et al., 1996; White et al., 2002).  In contrast, recent studies using EGFP-
tagged Xnr2, which can induce different downstream markers in a dose-dependent 
manner, supports the idea that Xnr2 acts on distant cells by diffusing probably mostly 
through the extracellular space (Willianson et al., 2004).  Similarly, Myc-tagged Xnr5 
also can diffuse over a long distance from the producing cells throughout extracellular 
space (personal communication; S. Takahashi and M. Asashima, Tokyo University). 
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The model in which Lefty/Antivin acts as a negative feedback regulator of Nodal 
signaling proposes that Lefty regulates the range as well as strength of Nodal signaling.  
Indeed, loss of Lefty/Antivin function experiments by genetic manipulation in mice 
(Meno et al., 1999, 2001), or translational inhibition in frogs and zebrafish (Agathon et 
al., 2001; Chen and Schier, 2002; Feldman et al., 2002; Branford and Yost, 2002; 
Tanegashima et al., 2004), lead to increase and extend Nodal signaling.  One of the best 
indications of this antagonistic relationship comes from studies in zebrafish (Chen and 
Schier, 2002), in which overexpression of sqt in normal or cyc;sqt double mutant 
embryos (the latter set-up prevents the autoregulation-induced spreading of Nodal 
signaling), in the absence of Leftys, allows a large expansion of mesodermal induction.  
Furthermore, there is evidence from overexpression experiments in Xenopus and 
zebrafish that Lefty/Antivin animally localized can move a long distance to suppress 
expression of Nodal-responsive genes in the marginal mesendodermal territory (Chen and 
Schier, 2002; Branford and Yost, 2002).  Consistent with this idea, studies with mouse 
Nodal-GFP and Lefty-GFP fusion proteins in chicken embryos suggest that both ligands 
move relatively far, but that Lefty travels farther and faster than Nodal (Sakuma et al., 
2002).  The latter relationship is a tenet of reaction-diffusion models for 
inducer/antagonist signaling loops in embryonic patterning (Turing, 1952; Gierer and 
Meinhardt, 1972; Meinhardt and Gierer, 2000; Juan and Hamada, 2001; Chen and Schier, 
2002).  Because the relative level of Nodal signaling output arising from Nodal-
Lefty/Antivin antagonism is likely to be a key determinant of cell fate, future goals 
include reaching a full mechanistic description of the factors that affect the expression, 
diffusibility, and maintenance of Nodal and Lefty/Antivin in vivo.  In Chapter III and 
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Chapter IV of this dissertation, I will address how the expression, range, and maintenance 
of Xnr are regulated by multiple influences such as Xbra, as well as Xlefty, by 
performing loss-of-function studies. 
 
Nodal signaling during left-right patterning 
Mechanisms that establish left-right (L-R) axis formation have been intensively 
investigated (reviewed in Wright, 2001; Hamada et al., 2002; Levin, 2004).  However, 
the mechanisms and timing of the initiation of L-R asymmetry in several species seem to 
be diverse.  For example, in mouse and zebrafish, L-R asymmetry is thought to be 
initiated near the embryonic organizer such as the node in mice or the Kupffer's vesicle in 
zebrafish by cilia rotation during early somitogenesis, generating a net leftward Nodal 
flow at the surface of the node (Nonaka et al., 1998, 2002; Kramer-Zucker et al., 2005; 
Essener et al., 2005).  The Nodal flow may transfer an asymmetric signal such as Nodal 
to left lateral plate mesoderm (LPM; Nonaka et al., 1998, 2002; Okada et al., 1999), or 
perhaps trigger an intracellular Ca2+ by bending immotile cilia at the left node periphery, 
which leads to the expression of the “asymmetrically expressed genes” (Nodal, Lefty and 
Pitx2) on the left side (McGrath and Brueckner, 2003; McGrathe et al., 2003; Tabin and 
Vogan, 2003).  Recently, the Nodal fluid flow was proposed to deliver Shh- and retinoic 
acid-containing vesicles, whose secretion is induced by FGF action, to the left side of 
node, and thereby increase left-sided Ca2+ signaling and induce subsequent gene 
expression (Tanaka et al., 2005).  In contrast, L-R identities in Xenopus seem to be 
assigned to cells by a different mechanism, acting perhaps at a much earlier stage than 
those described for mouse and zebrafish.  The L-R axis in Xenopus can be inverted by 
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misexpressing Vg1, a TGF-β family member, on the right side of 16-cell embryos, 
suggesting the function of Vg1 as a dominant L-R coordinator.  This process seems to 
operate during gastrulation, and there is some evidence that it is mediated by inside-out 
signaling via Syndecan-2, a heparan sulfate proteoglycan (HSPG) (Hyatt et al., 1996; 
Hyatt and Yost, 1998; Kramer and Yost, 2002).  Furthermore, it has been proposed that 
L-R asymmetry perhaps occurs even during the earliest stages of cleavage in Xenopus 
embryos as a result of asymmetric gap junctional communication, requiring Connexin, 
with an influence from the asymmetric localization of mRNAs encoding proteins 
involved generating ion flux, such as H+/K+-ATPase (Levin and Mercola, 1998a; Levin 
and Mercola, 1998b; Adam and Levin, 2003; Chen and Levin, 2004).  
Whatever the mechanism(s) for breaking symmetry, transient expression of 
Nodal, Lefty/antivin and Pitx2 in the left LPM is conserved among all vertebrate embryos 
(Burdine and Schier, 2000; Capdevila et al., 2000; Wright, 2001; Whitman and Mercola, 
2001; Hamada et al., 2002; Levin, 2004).  Several genetic and molecular studies suggest 
that the transient Nodal signaling in the left LPM is also essential for the establishment of 
visceral organ asymmetry.  For example, misexpression of Nodal on the right side of the 
embryo is sufficient to induce its downstream target genes on the right LPM and to 
randomize situs determination in multiple organ systems (Levin et al., 1997; Sampath et 
al., 1997).  In addition, visceral situs defects are caused by lower level of Nodal ligand 
such as hypomorphic Nodal mutants in mouse (Lowe et al., 2001; Norris et al., 2002) and 
depletion of zebrafish Nodal-related protein, Southpaw (Long et al., 2003), or mutations 
in Nodal signaling components such as ActRIIB, Cryptic and FoxH1 (Hamada et al., 
2002; Shen and Schier, 2000).  
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During L-R patterning, the expression of Lefty/Antivin is detected in both midline 
tissue and the left LPM.  How Lefty/Antivin expression is initiated and maintained in the 
midline tissue is unclear, but it has been suggested that Nodal signaling in the lateral plate 
induces the expression of lefty1 in the midline in the mouse (Yamamoto et al., 2003), and 
in Xenopus (Y. Ohi and C. V. E. Wright, personal communication).  Lefty1 functions as a 
midline barrier probably by preventing Nodal from traveling across the midline and 
reaching the right LPM (Meno et al., 1998).  Indeed, lefty1 mutant mouse embryos show 
bilateral expression of the left-specific genes Nodal, lefty2 and Pitx2, and this situation is 
associated with a severe pulmonary left-isomerism.  In Xenopus, even though it is not 
proven experimentally, I would speculate that the expression of Lefty/antivin in the 
midline tissue could be induced by an Xnr signal from Xnr4, because of its expression in 
notochord and ventral neural tube at neurula stage (Joseph and Melton, 1997).  In 
contrast, Lefty expression in the left LPM is clearly induced by Nodal signaling via a 
FAST/FoxH1-mediated asymmetric enhancer element (ASE) (Cheng et al., 2000; 
reviewed in Hamada et al., 2002).  Interestingly, Nodal genomic DNA also contains a 
similar ASE, indicating the spatiotemporal regulation of Nodal signaling by Nodal 
autoactivation and Lefty/Antivin negative feedback mechanism during L-R pattering, 
similar to the situation during blastula/gastrula stages described above.  So, lefty2 was not 
expressed on the left LPM in lefty2ΔASE/ΔASE mutant mice, indicating that there is no 
negative feedback regulation because of the failure to respond to Nodal signaling in this 
genetic background.  Therefore the expression and functional activity of Nodal and its 
downstream target Pitx2 in lefty2ΔASE/ΔASE mutant mice are increased and sustained in the 
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lateral tissues via Nodal autoregulatory loop, compared to wild-type embryos, resulting in 
situs defects (Meno et al., 2001). 
Nodal signaling in the left LPM is mediated by Pitx2, a bicoid-type homeobox 
transcription factor that is expressed within the primordia of most of the asymmetric 
organs such as the diencephalon (in zebrafish only), heart and gut (Piedra et al., 1998; 
Logan et al., 1998; Ryan et al., 1998; St. Amand et al., 1998; Yoshioka et al., 1998; Lin 
et al., 1999; Gage et al., 1999; Lu et al., 1999; Campione et al., 1999).  For example, 
Pitx2-null mice show typical right isomerism in the lung (four lobes on both the L and R 
side).  Interestingly, like Nodal and Lefty/Antivin, the initiation of Pitx2 expression is 
associated with three FAST/FoxH1-binding sites in its enhancer (Campione et al., 1999).  
This suggests that Smad2/3-FAST/FoxH1 pathway may be a conserved mechanism for 
conveying left-sided Nodal signals to the asymmetric organs, although we cannot 
completely rule out a contribution towards left-sided Pitx2 expression from non-Nodal 
signals, as suggested by the analysis of mutant conditions in the mouse (Constam and 
Robertson, 2000a, 2000b; Meyers and Martin, 1999; Pennekamp et al., 2002).  
Maintenance of Pitx2 expression at later stages, however, is mediated by a binding site in 
the enhancer region for another homeodomain transcription factor, Nkx2.  Though many 
studies clearly show the involvement of Pitx2 in asymmetric organ morphogenesis as a 
mediator of Nodal signaling, the exact function of Pitx2 as a regulator of L-R asymmetry 
is far from clear.  In addition, so far, there are limited number of molecules involved in L-
R asymmetric patterning as downstream targets of left Nodal signaling and/or as parallel 
players to Nodal signaling.  Similarly, only a few genes that are expressed on the right 
LPM have been identified to date.  For example, chick Snail-related gene (cSnR) and 
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mouse Nkx3.2 are expressed exclusively on the right LPM (Isaac et al., 1997; Schneider 
et al., 1999), but the functions of these genes in L-R asymmetry are not fully appreciated, 
and their conservation across species may not be complete.  
 
Overview 
The broad aim of the studies described in this dissertation was to address how cell 
fate specification and patterning are strictly regulated by dynamic cellular interactions 
during Xenpus laevis embryogenesis.  Among several molecules involved in these 
intercellular interactions, I studied the regulation of Nodal signaling by one of its major 
antagonists, Lefty/antivin, during the late blastula and gastrula stages using loss-of-
function approaches.  The overall conclusions are that the appropriate level of Nodal 
signaling arising from both Nodal autoregulatory loop and spatiotemporal negative 
feedback regulation through Lefty/antivin, and transcriptional repression from Xbra, are  
crucial determinants of the precisely patterned process of mesendodermal cell fate 
specification.  Chapter III of this dissertation describes how to block Xlefty/Xantivin 
function in embryos.  Data generated from morphological analysis and marker analysis 
suggested that a strong knockdown of Xlefty/Xantivin function is accomplished by 
inhibiting translation and splicing of both Xlefty/Xantivin alloalleles, a situation closer to 
the null condition than the previously published loss-of-function studies on 
Xlefty/Xantivin in Xenopus.  In Chapter IV, I describe several important findings 
regarding the regulation of Xnr signaling and expression after functional knock-down 
using morpholino oligonucleotides.  First, intensive marker analysis suggests that 
Xlefty/Xantivin regulates the strength, duration, and range of Xnr signaling during 
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gastrulation.  Second, the inherent long-range signaling activity of Xnrs was supported by 
the experiments showing suppression of ectopic marker expression by Xnr-selective 
inhibitors in Xlefty/Xantivin-deficient embryos, in which Xnr expression remained 
limited to a tightly restricted domain of the marginal zone.  Third, the limited expansion 
of the Xnr transcription domain in the absence of Xlefty/Xantivin function is connected 
to an Xbra-mediated indirect transcriptional suppression.  The findings in Chapter III and 
Chapter IV were published in Developmental Biology (Cha et al., 2006).  Next, Chapter 
V demonstrates my attempts to identify new molecules involved in L-R axis patterning 
and asymmetric organ morphogenesis during later embryogenesis using a variety of 
unbiased screening methods, such as PCR-based subtractive screening and microarray 
experiments.  Finally, I finish my dissertation with a brief summary on the significance of 
these findings and potentially informative future directions in Chapter VI.
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CHAPTER II 
 
MATERIALS AND METHODS 
 
Embryo manipulations 
To obtain eggs, female frogs were injected with 500 Units of human chorionic 
gonadotropin (hCG) into the dorsal lymph sac 12 to 14 hours before collecting eggs.  The 
testes were isolated from a sacrificed male frog.  The isolated testes were stored in 
DeBoer’s solution (110 mM NaCl, 1.3 mM KCl, 0.44 mM CaCl2, 1.5 mM HEPES) at 
4°C for two weeks.  Embryos were obtained by in vitro fertilization in which 3-4 drops of 
sperm solution (a half size of one testis/6 mL DeBoer’s solution) was mixed with about 
200-300 eggs.  After fertilization by adding dechlorinated water, the fertilized embryos 
were incubated at 22°C for 1 hour and then de-jellied with 1% Thioglycolic Acid solution 
(pH 5.85; in 1X Steinberg’s solution) by vigorously shaking for several second s.  After 
washing with 1X Steinberg’s solution (Kay and Peng, 1991; 1X SS pH 7.5: 60 mM NaCl, 
0.67 mM KCl, 0.34 mM Ca(NO3)2•4H2O, 0.83 mM MgSO4•7H2O, 6.2 mM Tris) several 
times, the embryos were cultured in 1X SS at 22°C, and staged according to Nieuwkoop 
and Faber (1967).  Embryos were microinjected in 1X SS containing 5% Ficoll, and then 
transferred and maintained in 1X SS at early blastula stages.  When embryos were 
incubated later stage than gastrula stage, embryos were transferred into 0.1X SS during 
blastula stage. 
For inducing exogastrulation from normal embryos, vitelline membranes were 
removed from embryos at stage 8 and embryos were incubated in High Salt 1X SS (100 
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mM NaCl final concentration; all other components standard) until sibling embryos 
completed gastrulation.  After high salt treatment, embryos were changed to 0.1X SS and 
collected at stage 25.  XatvMO1/2-injected embryos were incubated in 1X SS without 
vitelline membranes from stage 8 to the end of gastrulation and transferred to 0.1X SS 
until stage 25.   
 
Embryos microinjections 
Morpholino antisense oligonucleotides (morpholinos; MOs) and synthesized 
RNAs were injected into embryos using a Narashige gas driven microinjector.  Ten 
nanoliter (nL) of several amount of MOs was introduced into the equatorial region of 
one-cell stage embryos.  The injection volume for RNA was changed from 3 to 10 nl 
based on the size of blastomere at different stage embryos.  Capped mRNAs for 
microinjection were prepared using mMESSAGE mMACHINE (Ambion) according to 
the manufacturer’s instruction with templates from the following linearized plasmids: 
pCS2+Xnr2 (Jones et al., 1995); pCS2+CerS (Piccolo et al., 1999); pSP64T-tALK4 
(Chang et al., 1997); pSP64T-Xbra-EnR (Conlon et al., 1996); pCS2+nβgal; pBSKII-
Xatv*.  
 
Sequences of 5′  UTR in Xlefty/Xatv cDNAs and intron1 in Xlefty/Xatv genomic 
DNA 
 
To design MO that inhibits translation of Xlefyt/Xatv, 5′ UTR sequences were 
determined from 24 gastrula stage Xlefty/Xatv cDNAs obtained by Abby Cheng, a 
previous graduate student in Wright lab.  Xlefty/Xatv cDNA clones in pBluescript vector 
were excised from Xlefty/Xatv λZAP clones using EXASSIST/SOLA system 
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(Stratagene).  Alignment of all sequences in 5′ UTR and translational initiation site 
showed both XatvA and XatvB alloalleles that are the same as the previously reported two 
alleles, Xlefty A and Xlefty B (Branford et al., 2000). 
 To obtain intron 1 sequence in Xlefty/Xatv genomic DNA, DNA fragment 
containing intron 1 and some part of exon1 and exon2 was amplified from Xenopus l 
genomic library using PCR with primers such as Xant2 (5′-GAGAGGAAGAAGAG 
ATCACTG-3′) and Xant18R (5′- TCAGACTCCAGCAAGCAGTCC-3′).  PCR was 
performed in the presence of 4.7 mM MgCl2 and Pfu turbo DNA polymerase (1.25 
U/reaction; Stratagene).  After an initial 15 minutes denaturation step at 95°C, the 
reaction was carried out for 1 minute at 95°C, 1 minute at 37°C, and 3 minutes at 72°C.  
After 30 cycles for 1 minute at 95°C, 1 minute at 50°C, and 3 minutes at 72°C, a final 
extension step was carried out for 5 minutes at 72°C.  Amplified PCR product was 
separated in 1% low melting agarose gel and then recovered using phenol/chloroform 
extraction and ethanol precipitation.  The purified PCR product was ligated into pCR-
Blunt vector (Invitrogen) in the presence of 25 ng vector, 250ng PCR product and 4 units 
T4 DNA ligase at 16°C for 1 hour.  The ligated vector containing PCR product was 
transformed into One Shot TOP10 competent cells by heat shock.  After mini-prep for 
plasmid DNA from growing E. coli, intron 1 sequence was determined by manual 
sequencing with M13 forward and reverse primers. 
 
Morpholino oligonucleotides (MOs) 
XatvMO1 (5′-ACCCATTCTGATGTGACAGTCTACA-3′) was designed 
complementary to the region around the Xlefty/Xatv translational start site (Fig. 3.2A).  
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XatvMO2 (5′-AGGACTTGAAATACCTGCATTGCCC-3′) was generated from 
Xlefty/Xatv exon1/intron1 sequences determined from a genomic lambda phage clone 
using PCR (Fig. 3.3A); it is currently uncertain if XatvMO2 is complementary to the pre-
mRNA of both XatvA and XatvB alloalleles.  The control morpholino was Gene Tools 
‘Standard’ MO (5′-CCTCTTACCTCAGTTACAATTTATA-3′; human β-globin mutant 
sequence).  The oligonucleotide sequence of XleftyB-MO was as previously reported 
(Branford and Yost, 2002; Fig. 3.2A). 
 
In vitro translation 
A plasmid construct, pCS2+Xatv-2HA(B), was made from pCS2+Xatv(B) by 
adding two HA-encoding sequences to downstream of the second cleavage site using 
quick change PCR site-directed mutagenesis (Stratagene).  Originally, this construct was 
intended for western blot assays to test efficiency of XatvMO1 on exogenous Xlefty/Xatv 
translated in embryos, but the lack of HA signal in western blot assay led to its use in the 
in vitro translation assays. 
Capped mRNAs were synthesized using mMESSAGE mMACHINE kit 
(Ambion).  To try to ensure similar transcriptional/translational efficiencies, all cDNAs 
were placed into pCS2+ vector.  XatvB RNA was synthesized from pCS2+Xatv-2HA(B).  
For mimicking XatvA RNA, pCS2+Xatv-2HA(A) was constructed by adding 5 
nucleotides into 5′-UTR of pCS2+Xatv-2HA(B) using quick change PCR site-directed 
mutagenesis, resulting in the exactly same sequence as 5′-UTR of XatvA.  Therefore, 
cDNAs of two Xlefty/Xatvs in plasmid constructs contain the same coding sequences 
(Fig. 3.2A).   
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In vitro translation was performed as described (Taylor et al., 1996) with some 
modifications using a nuclease-treated rabbit reticulocyte lysate kit (Promega).  RNA (1 
µg) was mixed with 1 µg of the specified MO and Diethylpyrocarbonate (DEPC)-treated 
water was added up to 6 µL volume.  This mixture was heated to 70°C, slowly cooled to 
37°C.  Upon cooling, 0.5 µL of 1mM amino acid mixture deficient in methionine, 0.5 µL 
of RNasin (40 Units/µL, Promega), 0.5 µL of Redivue Pro-mix L-[35S] labeling mix 
(>1000 Ci/mmol; Amersham), and 17.5 µL of reticulocyte lysate were added to the pre-
incubated mixtures.  Reaction was incubated at 30ºC for 1 hour.  After translation 
reaction, RNase A (0.2 µg/µL final concentration) was added to the mixtures and 
incubated for 10 minutes at room temperature.  Reticulocyte lysate reactions were 
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and autoradiography. Acrylamide gels (12 %) were loaded with 4 µL of each translation 
reaction, subjected to constant voltage (150 V) for 1.5 ~ 2 hours.  These gels were fixed 
for 15 minutes in 40% methanol/10 % acetic acid and dried under vacuum.  Xnr2 
translation was used as a negative control. 
  
Construction of Xatv* cDNA 
The specificity of XatvMO1 was tested by restoration of embryonic patterning by 
Xatv rescue cRNA (Xatv*).  Quick-change PCR site-directed mutagenesis (Stratagene) 
was used on pBSKII-Xantivin (XatvB; Cheng et al., 2000) to delete/alter XatvMO1-
target sequences in the 5′-UTR and coding region with oligonucleotides: DelXatv1, 5′-
GGCACTTGCACCCTGATGGGCGTCACTACCAAATC-3′; DelXatv2, 5′-
GATTTGGTAGTGACGCCCATCAGGGTGCAAGTGCC-3′ (ATG underlined; see Fig. 
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3.2A for final sequence of rescue RNA).  PCR was performed in the presence of 50 ng of 
pBS-Xatv, 125 ng of DelXatv1, 125 ng of DelXatv2 and 2.5 Units of Pfu turbo DNA 
polymerase (Stratagene).  After an initial 5 minutes denaturation step at 95°C, the 
reaction was carried out for 30 seconds at 95°C, 1 minute at 55°C, and 10 minutes at 
68°C with 18 cycles.  PCR product was treated with Dpn I restriction enzyme (10 
Units/µL) at 37°C for 1 hour.  The circular and nicked double strand DNA amplified by 
PCR was transformed into XL1-Blue supercompetent cells (Stratagene).  Modifications 
were confirmed by sequencing.  The specificity of the splicing blocker XatvMO2 was 
shown by rescue with coinjected “wild-type” Xatv cRNA. 
 
Whole-mount in situ hybridization  
Whole-mount in situ hybridization was performed as described (Sive et al., 2000).  
Embryos were fixed with 1X MEMFA [0.1 M MOPS (PH 7.4), 2 mM EGTA, 1 mM 
MgSO4, 3.7% formaldehyde] for 1 hour and stored in ethanol at -20 °C.  The fixed 
embryos were rehydrated in a methanol: PTw (1X PBS, 0.1% Tween 20) series, treated 
with proteinase K in PTw (10 ~ 30 minutes - 10 mg/ml) and rinsed in 0.1 M 
triethanolamine (pH 7.5).  Embryos were then treated with acetic anhydride, refixed with 
4% paraformaldehyde in PTw and washed with PTw.  After prehybridization at 60°C for 
6 hours, the samples were changed into hybridization buffer (50% formamide, 5X SSC, 1 
mg/mL Torula RNA, 100 mg/mL heparin, 0.1% Tween 20, 0.1% CHAPs, 10 mM 
EDTA•2H2O, and 1X Denhardt’s; 2% BSA, 2% polyvinyl pyrrolidone, 2% Ficoll 400) 
containing 1 mg/mL of antisense digoxygenin-labeled RNA probes and incubated 
overnight.  The next day, the embryos were washed 3 times with 2X SSC for 20 minutes 
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at 60°C and treated with RNase A (20 mg/mL) and RNase T1 (10 U/mL) in 2X SSC for 
30 minutes at 37°C.  Subsequently, the embryos were washed twice in 0.2X SSC for 30 
minutes at 60°C and rinsed with Maleic Acid Buffer pH 7.5 (MAB; 100 mM maleic acid, 
150 mM NaCl) at room temperature for 10 minutes.  The embryos were blocked with 2% 
BMB in MAB (Boehringer Mannheim Blocking reagent) and 2% BMB/20% heat 
inactivated lamb serum in MAB for several hours each.  After blocking, the samples were 
incubated with a 1/2000 dilution of alkaline phosphatase conjugated to anti-digoxigenin 
Fab fragments (Roche) (preblocked with frog embryo powder) in 2% BMB/20% heat 
inactivated lamb serum in MAB for overnight at 4°C.  The next day, samples were 
washed several times with MAB at room temperature to remove excess antibody and then 
rinsed with alkaline phosphatase buffer for 5 minutes twice (100 mM Tris pH 9.5, 50 mM 
MgCl2, 100 mM NaCl, 0.1% Tween 20, 5 mM Levamisol).  BM purple (Roche) was used 
as color substrate.  Embryos were photographed in methanol or after clearing in benzyl 
alcohol:benzyl benzoate (1:2 v/v).  Antisense probes were synthesized using Dig-labeling 
kit (Roche) from linearized plasmids (Table 2.1). 
 
Lineage tracing 
For lineage tracing, nuclear β-galactosidase cRNA synthesized from linearized 
plasmids pCS2+nβgal were co-injected with other reagents into one blastomere at 4-cell 
stage (400 pg) or at 32-64 cell stage (500pg) embryos.  After fixation with 1X MEMFA 
for one hour, embryos were washed with 1X PBS three times.  When the deep Red-Gal 
staining was necessary, embryos were incubated in 0.1% Triton X-100 (in PBS) solution 
at 4°C overnight.  Staining was performed in 1X PBS containing 5 mM K3Fe(Cn)6, 5 mM  
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T7 ClaI 
Jones et al., 1995 T7 XbaI pBSKII-Xnr1 
Sasai et al., 1994 T7 EcoRI pCS2+Chordin  
Hopwood et al., 1989 T7 HindIII pBSKS-MyoD  
Sasai et al., 1996 T7 EcoRI pBS-Edd  
Ruiz i Altaba et al., 1995 T3 NotI pfhh4-Shh  
Bradley et al., 1993 T7 EcoRI pBS-Xkrox20 
Blitz and Cho, 1995 T3 EcoRI pBSKS-otx2  
Richter et al., 1988 T3 BamHI pBSKS-cpl-1 
Richter et al., 1988 T3 BamHI pBSKS-nrp-1 
Hudson et al., 1997 T7 HindIII pSTBlue-1-
Sox17α  
Henry and Melton, 1998 T7 NotI pT7Blue-3-Mixer  
Sokol et al., 1991 T7 BamHI pCS2+Xwnt8  
Sun et al., 1999 T7 EcoRI pBS-Derrière 
Piccolo et al., 1999 T7 EcoRI pCS2+Cer  
Smith et al., 1991 T7 EcoRV pXT1-Xbra  
Cheng et al., 2000 T7 BamHI pBSKII-XAntivin  
Moos et al., 1995 T7 EcoRV pCR-Script-
ADMP  
Cho et al., 1991 T3 BamHI pBSKII-Gsc  
Jones et al., 1995 T7 SmaI pBSK-Xnr2 
 
Reference 
RNA 
polymerase 
Restriction 
enzyme 
 
Name 
Table 2.1  Linearized plasmids for making antisense in situ probes.  
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K4Fe(Cn)6, 2 mM MgCl2, and 1 mg/mL Red-Gal (6-chloro-3-indolyl-β-D-galactoside; 
Research Organics) at room temperature.  When the staining was completed, embryos 
were refixed with 1X MEMFA at room temperature for 1 hour and stored in 100% 
ethanol at -20°C. 
 
Embryo bisection 
To examine marker expression inside embryos, embryos were bisected through 
the center of the dorsal lip after or before whole-mount in situ hybridization.  Some fixed 
embryos were rehydrated in methanol series (100%, 70%, 50% methanol, and 25% 
methanol in PBS) and washed with 1X PBS.  The embryos were incubated in 0.3 M 
sucrose solution (in 1X PBS) for about 1 minute and embedded in 2% low melting 
agarose in 0.3 M sucrose solution.  The embedded embryos were bisected with a razor 
blade.  The bisected embryos were washed with 0.3 M sucrose solution, dehydrated in 
methanol series, and stored at -20°C for whole-mount in situ hybridization or directly 
photographed.   
 
RT-PCR 
Frozen embryos were homogenized by vortexing and incubated with TRIzol 
(Invitrogen) for 5 minutes at room temperature.  Total RNA was precipitated by 
isopropanol and dissolved in 50 µL DEPC-treated water.  To extract more pure RNA, the 
extracted RNA was incubated with 200 µL of 5 M LiCl at -20°C overnight.  After the 
second extraction, the concentration of RNA was measured using spectrophotometer.  
The reactions for cDNA synthesis were carried out in the presence of 5 nmoles Oligo 
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d(T)16 (Applied Biosystem), 40 Units RNasin (Promega), 200 Units SuperScript II 
Reverse Transcriptase (Invitrogen), and 1-1.5 µg total RNA at 42°C for 1 hour.  The 
reaction was inactivated by heating at 70°C for 15 minutes.  After cDNA synthesis, 
volume of the cDNA was adjusted into 50 µl by adding 30 µL of distilled water.  Each 
set of reactions included a control reaction without reverse transcriptase.  ornithine 
decarboxylase (ODC) and Xlefyt/Xatv were amplified in the presence of 4 µL of cDNA, 2 
mCi of [32P]-dATP, Taq polymerase (0.75 U/reaction, Fisher) and gene specific primers 
(100 ng) in buffer containing 1.5 mM MgCl2 (Fisher).  After an initial 5 minutes 
denaturation step at 95°C, the reactions were cycled for 1 minute at 95°C, 1.5 minutes at 
55°C, and 1 minute at 72°C.  After 25 cycles, a final extension step was carried out for 10 
minutes at 72°C.  Trace [32P]-dATP-radiolabeled PCR products were resolved on 5% 
non-denaturing polyacrylamide gels.  PCR primers and cycle numbers were: ODC (Agius 
et al., 2000) forward 5′-CAGCTAGCTGTGGTGTGG-3′, reverse 5′-
CAACATGGAAACTCACACC-3′, 25 cycles; Xlefty/Xatv (Cheng et al., 2000) forward 
5′-TCTATGCTGCACAATCACAGA-3′ (Xant1), reverse 5′-
GGACTGCTTGCTGGAGTCTGA-3′ (Xant18R), 25cycles.  XatvMO2 specificity against 
XatvA or XatvB pre-mRNA and the expression of Xnrs in XatvMO1/MO2-injected embryos 
were analyzed by non-radioactive RT-PCR.  Conditions in which primer pairs amplified 
in the linear range were empirically determined.  The primers and conditions were 
indicated in Table 2.2. 
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Sequences 
R 
R 
R 
R 
R 
R 
R 
R 
F 
F 
F 
F 
F 
F 
F 
F 
CAACATGGAAACTCACACC 
30 55 CAGCTAGCTGTGGTGTGG ODC 
CTCCATTCCAAAAACCAGGGA 
34 58 GTACATGTCTATGCTGCACAA XatvB 
GGACTGCTTGCTGGAGTCTGA 
34 58 ATACATGTCTATGCTGCACAG XatvA 
TTCTCGTTCCTCTTGTGCCTT 
32 53 TCCAGTATGATCCATCTGTTGC Xnr6 
GGAACCTCTGAAAGGAAGGC 
32 53 TCACAATCCTTTCACTAGGGC Xnr5 
AACTCTGCATGTATGCGTGG 
31 55 TTACAAGATGCTGCACACTCC Xnr4 
GACCTTCTTCAACCTCAGCC 
32 55 ATCTGATGCCGTTCTAAGCC Xnr2 
TGTAGGCCAGTAAAATCATTAAC 
32 55 AACCATCACTTATCAATAGG Xnr1 
Cycle 
No. 
Annealing  
Temp. (°C) 
Gene 
name 
Table 2.2  PCR primers and conditions for non-radioactive PCR. 
.  
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Histological analysis and Statistics 
Embryos were dehydrated in an ethanol series and washed with Histo-clear 
(National Diagnostics) twice.  After equilibration to Histo-clear:paraplast (1:1 ratio), 
embryos were embedded in paraplast without vacuum.  Sections (10 mm) were 
counterstained with hematoxylin for 1 minute and eosin for 1 minute and then mounted.   
The difference of mesodermal tissue formation between high salt (HS)- and 
XatvMO-induced exogastrulae was examined with sectioned samples.  After transverse 
section of three high salt (HS)- or XatvMO-induced exogastrulae, seven serial sections per 
each exogastrulae were selected from the middle region of the mesendodermal mass with 
respect to the A/P axis.  Areas of notochord+hypochord or mesodermal tissue from whole 
exogastrulae were determined by weighing prints of the digital images and expressed as 
mean percentage ± standard error (S.E).  Significance of the tissue area alterations 
between HS- and XatvMO-induced exogastrulae used the unpaired t-test. 
 
LPM Collection and total RNA extraction 
To collect left and right LPMs, first, head and posterior regions were removed 
from embryos at St 22-23.  After cutting the middle of ventral side along anterior-
posterior axis, LPM and some part of endoderm were separated.  Endoderm was removed 
as much as possible.  Thirty-nine and eighty pieces of each left and right LPM were 
collected for PCR-based subtractive screening and microarray experiments, respectively.    
For the PCR-based subtractive screening, LPMs were incubated with lysis buffer 
[0.5% SDS, 5 mM EDTA, 50 mM Tris-HCl (pH 7.5), 50 mM NaCl, 250 µg/mL 
proteinase K (final concentration)] for 45 min at 45°C.  After phenol and 
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phenol/chloroform extraction, total RNA was precipitated with ammonium acetate (10 
M) and ethanol.  Total RNA was treated with 1U DNase in 1X DNase buffer [0.1M Tris 
(pH 7.9), 0.5M NaCl, 0.1M MgCl2, 50 mM CaCl2], 1 mM DTT and 20U RNasin 
(Promega) for 40 min at 37°C to remove genomic DNA.  And then total RNA was 
recovered by phenol/chloroform extraction and ethanol precipitation.  For microarray 
experiments, total RNA was extracted using Trizol method and then LiCl precipitation as 
mentioned above.  After incubation at -20°C overnight, total RNA was recovered by 
centrifuging for 20 min at 14K rmp at 4°C.  
 
Double-stranded cDNA synthesis for PCR-based subtractive screening 
Double-strand cDNA was synthesized using switch mechanism at the 5′ end of 
RNA transcription method (SMART method; Clontech).  Total RNA (1.5 µg) was mixed 
with 1 µL CDS primer [10 µM; 5′-AAGCAGTGGTATCAACGCAGAGTACT(30) 
(A/G/C)(A/T/C/G)-3′], and 1 µL SMAA (10 µM; 5′-AAGCAGTGGTATCAACGCAG 
AGTACGCGGG-3′) in 5 µL of total volume.  This mixture was incubated at 70°C for 2 
min and then mixed with 1X buffer [25 mM Tris-HCl (pH 8.3), 75 mM KCl and 6 mM 
MgCl2], 2 mM DTT, 1 mM dNTP, and 1 µL PowerScriptTM Reverse Transcriptase 
(Clontech).  The mixture was incubated for one hour at 42°C.  Double-strand cDNA was 
synthesized using PCR.  One microliter of first-strand cDNA was mixed with 1 µL 10X 
AdventageTM 2 PCR buffer, 2 µL 10 mM dNTP, 2 µL 10 µM PCRA (5′-AAGCAGTGG 
TATCAACGCAGACT-3′) and 2 µL 50X AdventageTM 2 Polymerase Mix (Clontech).  
After an initial 1 minutes denaturation step at 95°C, the reaction was carried out for 30 
seconds at 95°C, 30 seconds at 65°C, and 6 minutes at 68°C with 20 cycles.  
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Overall procedures for PCR-based subtractive screening are summarized in Fig. 
5.2.  Other detail procedures for this method were described in Unit 25B.2 in Current 
Protocol in Molecular Biology (Ausubel et al., 2001).  
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CHAPTER III 
 
SYNERGISTIC FUNCTIONAL INHIBITION OF XENOPUS ANTIVIN (XATV) BY 
MORPHOLINO OLIGONUCLEOTIEDS THAT INHIBIT TRANSLATION AND 
SPLICING OF BOTH XLEFTY/XATV ALLOALLELES 
 
 
Introduction 
Gene inactivation has been one of the critical experimental methodologies for 
analyzing the function of a specific gene during developmental process.  The classical 
forward genetic screening in several model species such as Drosophila and zebrafish, and 
the gene knock-out technique using murine ES cells have elucidated the role of several 
critical genes.  However, these approaches are limited by the considerable cost and/or 
time required for molecular identification of the mutant locus in mutant screening, or for 
the generation of knock-out mice.   
Another strategy to inhibit gene function has been accomplished by antisense 
oligos.  Initially, standard or phosphorothioate oligos of 18-22 nt length were designed 
based upon the target mRNA, and the injected oligo formed a DNA-RNA hybrid that was 
a substrate for endogenous RNase H-mediated mRNA degradation (Cazenave et al., 
1989).  Even though these oligos were reported to successfully block the function of 
some genes, such as a maternal VegT in Xenopus oocytes (Zhang et al., 1998), its 
application in developmental studies was limited by a fair amount of nonspecific toxicity, 
and there was often a need for continued oligo treatment to maintain the knockdown 
effect (Heasman et al., 1991; Heasman, 2000).  While these other oligos are still the 
standard choice for oocyte depletion experiments, to study the effect of removing 
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maternally deposited functions, many limitations for studies of gene function during 
zygotic development were overcome by the development of antisense morpholino 
oligonucleotides (MOs; Fig. 3.1B; Summerton and Weller, 1997; Summerton, 1999).  
MOs are chemically modified DNA analogs containing similar base-stacking abilities 
with a morpholine ring instead of a riboside moiety in the DNA backbone.  Rather than a 
phosphodiester linkage that has negative charge in DNA, a phosphorodiamidate linkage 
is used to form the MO backbone, which has a neutral charge (Fig. 3.1).  Because of 
these modifications, MOs are highly soluble and able to hybridize with RNA with high 
affinity.  Compared to RNase H-mediated antisense oligos, MOs demonstrate less 
cellular toxicity and non-specific side effects, and are completely resistant to nucleases, 
indicating long-term targeting effect.  
The gene knockdown strategy using MOs has been exponentially utilized for 
analyzing gene functions during embryogenesis in several species such as zebrafish and 
Xenopus since 2000 (Heasman, 2002).  This method has been a very valuable tool for 
loss-of-function studies in Xenopus laevis embryos because of the limited applicable 
genetics in this model animal.  Until now, two types of MO-mediated gene knockdown 
strategies have been broadly used to inhibit gene functions.  A major gene knockdown 
strategy is translational inhibition in which MOs are designed to be complementary to 5′ 
untranslated region (UTR) or to the first 25 bases 3′ to the translational start codon of 
mRNAs.  Targeting these areas usually gives rise to highest knockdown efficiency in 
cell-free translation experiments (Summerton, 1999).  The resulting double-strand 
RNA:MO complex is thought to prevent 40S ribosome from scanning 5′ UTR and 
binding with 60S ribosome at start codon in target mRNA, resulting in decrease or 
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Fig. 3.1  Comparison of chemical structures between deoxyribonucleic acid (DNA) and 
morpholino oligonucleotides.  (A) Structure of DNA.  Each nucleotide is connected via 
phosphodiester linkage that contains negative charge.  (B) Structure of morpholino 
oligonucleotides.  Each morpholino nucleotide containing a morpholine ring is linked via non-ionic 
phosphorodiamidate bond.
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absence of target gene encoding protein level (Ekker and Larson, 2001; Heasman, 2002). 
For example, injection of MOs against β-catenin significantly reduced the level of β- 
catenin protein in early gastrula stage Xenopus embryos  (Heasman et al., 2000).  An 
alternative gene knockdown approach is splicing inhibition, in which MOs bind to 
intron/exon or exon/intron junctions of specific pre-mRNAs.  This strategy causes an 
abnormal splicing process such as complete block of splicing process (including blocked 
mRNA maturation and nuclear export), exon skipping, or maintenance of an intron in the 
“mature” mRNA, which then includes a missense or nonsense mutation by the re sulting 
frameshift.  Indeed, injection of MOs targeting zebrafish fgf8 exon/intron junction site 
gave rise to two types of abnormally spliced fgf8 mRNAs, resulting from excluding the 
targeted exon and a use of a cryptic splice donor in the targeted exon, which produced 
nonfunctional fgf8 gene products (Draper et al., 2001).  One major advantage of this 
method, compared to translation inhibition, is that in vivo effectiveness for gene 
inactivation can be rapidly confirmed using reverse transcriptase-polymerase chain 
reaction.  In addition, splice-blocking MOs can be used to address the role of specific 
isoforms in development, as was recently reported for FGF8a and FGF8b in Xenopus 
(Fletcher et al., 2006).  
Loss of Lefty/Antivin function experiments involving genetic manipulations in 
mice (Meno et al., 1999, 2001) or translational inhibition in frogs and zebrafish (Agathon 
et al., 2001; Chen and Schier, 2002; Feldman et al., 2002; Branford and Yost, 2002; 
Tanegashima et al., 2004) lead to increased and expanded Nodal signaling.  In zebrafish, 
the expression of two lefty isoforms was simultaneously blocked using two translation-
inhibiting MOs, leading to stronger phenotypes and broader marker expression than a 
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single MO (Agathon et al., 2001; Chen and Schier, 2002; Feldman et al., 2002).  In 
contrast, the previous Xlefty/Xantivin (Xatv) loss-of-function studies in Xenopus 
embryos (Branford and Yost, 2002; Tanegashima et al., 2004) showed less extensive 
effects on marker gene expression than those observed in zebrafish or mouse embryos.  
In those experiments, however, there was significant expansion in the expression of 
several mesendodermal markers, and of Xnr2, although its transcriptional domain still 
remained compact, in a restricted ring around the marginal zone.  The single antisense 
MO used in those papers targeted either the A or B copies (alloalleles) of Xlefty/Xatv that 
are found in this allotetraploid species.   
In my own studies, which were initiated before those papers were published, I 
reached similar conclusions regarding the effects of single MO, but found variable 
phenotypes between batches of embryos.  I therefore became concerned with determining 
the effect of further reducing Xlefty/Xatv function by concurrently inhibiting both 
alloalleles.  Accordingly, I found that a stronger Xlefty/Xatv knockdown was indeed 
achieved by coinjecting two types of MOs that concurrently inhibit translation and 
splicing of both XatvA and XatvB RNA.  Comparison of knockdown effects by several 
combinations of MOs, including mixtures with the one reported in Branford and Yost’s 
paper also supported that synergistic inhibition was accomplished by simultaneously 
blocking the function of both Xlefty/Xatv alloalleles.  
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Results 
 
XatvMO1 inhibits translation of XatvA mRNA 
I adopted a morpholino oligonucleotide (MO)-based approach to block the 
function of both XatvA and XatvB alloalleles, concurrently, to gain a full appreciation of 
the role of Xlefty/Xatv in limiting Xnr signaling range during Xenopus embryogenesis.  
A translation-inhibiting MO, XatvMO1, was designed from 5′-UTR and translational 
initiation sequences present in 24 gastrula stage Xatv cDNAs (Cheng et al., 2000) of the 
A and B alloalleles (at approximately 2:1 ratio).  The two alleles have been previously 
referred to as Xlefty A and Xlefty B (Branford et al., 2000; Fig. 3.2A).  The 25 nt XatvMO1 
matches XatvA over its entire length and matches XatvB over the first 18 nt at its 5′ end 
(Fig. 3.2A).  The current understanding of MO function (GeneTools Inc., technical 
advice) suggests that XatvMO1 should suppress translation of XatvA and XatvB mRNAs.  
However, XatvMO1 failed to completely block in vitro translation of XatvB cRNA under 
conditions that effectively blocked XatvA translation (Fig. 3.2B, lane 4).  Translation of 
the rescue RNA Xatv* (Fig. 3.2A) used in the specificity tests below was not affected by 
XatvMO1 (Fig. 3.2B, lane 4).  Translation of Xnr2, a negative control, was not affected by 
any XatvMO that I tested (Fig. 3.2B), and the GeneTools control MO did not affect 
translation of any RNA (Fig. 3.2B, lane 3).  Concerns that the unbound 3′ tail of XatvMO1 
might facilitate its displacement from XatvB mRNAs (e.g., by scanning ribosomes), or 
that structural features of XatvB mRNA somehow render it refractory to inhibition by 
certain MOs (usually ~25% of failure rate in the first MO; personal communication with 
GeneTools Inc.) led me to synthesize another MO, XatvMO2 (Fig. 3.3A).  
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Fig. 3.2  Specific inhibition of XatvA translation with XatvMO1.  (A) XatvMO positions relative to 
the translational start sites on Xlefty/Xatv mRNAs (XatvMO1 and leftyB-MO); see Chapter II for 
actual MO sequences.  (B) XatvMO1 inhibits the translation of XatvA in vitro.  While translation of 
XatvA is completely inhibited by XatvMO1, XatvB translation is not blocked (lane 4).  Xatv* rescue 
RNA translation is not affected by XatvMO1 (lane 4).  Neither control MO nor XatvMO2 affects 
translation of Xlefty/Xatv mRNAs (lanes 3, 5).  Translation of Xnr2 RNA is used as both loading 
control and negative control. 
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XatvMO2 preferentially suppresses splicing of XatvB pre-mRNA 
The splice blocker XatvMO2 was designed to target splicing of XatvB pre-mRNA at 
the exon1/intron1 junction (Fig. 3.3A).  XatvMO2 did not reduce translation of XatvA or 
XatvB RNA translation (Fig. 3.2B, lane 5).  The efficacy of splice blocking by XatvMO2 
was assessed by RT-PCR using primers to amplify across intron 1 (Fig. 3.3A, B) of both 
XatvA and XatvB on template RNA extracted from XatvMO2-injected (50 ng, 1-cell stage) 
gastrula stage embryos.  This method detects spliced and unspliced RNA without regard 
for its derivation from XatvA and XatvB.  While spliced RNA was still detected, substantial 
unspliced pre-mRNA was detected in XatvMO2-injected embryos compared to controls 
(Fig. 3.3C).  The aggregate amount of [unspliced + spliced] RNAs was increased 
compared to controls, likely related to enhanced Xlefty/Xatv expression induced by the 
increased Xnr signaling in Xlefty/Xatv-deficient situation (see below), with perhaps some 
contribution from MO-induced mRNA stabilization. 
Next, to analyze the selectivity of XatvMO2 for the XatvA and XatvB alloalleles, I 
performed two types of experiments.  First, RT-PCR was performed with primers 
designed on cDNA sequences that are selective for XatvA or XatvB (Fig. 3.3D).  To test 
the specificity of XatvA- and XatvB-specific primers, I performed PCR with a pBS-XatvB 
construct as a template (Fig. 3.3E).  Whereas XatvB-specific primers amplified substantial 
amount of XatvB cDNA, XatvA-specific primers barely produced an XatvB DNA product 
under the same conditions, indicating selectivity of each primer set to amplify each 
Xlefty/Xatv alloallele.  When these primer sets were used to RT-PCR with cDNA from 
uninjected gastrula-stage embryos, XatvA and XatvB RNA were expressed at similar 
levels, consistent with previous reports (Fig. 3.3F, lanes 3 and 4; Branford et al., 2000).  
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Fig. 3.3  XatvMO2 preferentially inhibits XatvB pre-mRNA splicing.  (A) XatvMO2 position relative 
to the exon 1/intron 1 junction on Xlefty/Xatv genomic DNA; Red line indicates XatvMO2 target 
sequence.  see Chapter II for actual MO sequences.  Blue arrows show the location of RT-PCR 
primers.  (B) Magnified diagram of PCR-amplified region in Exon1, Intron1 and Exon2 shown in 
panel A.  Red prints show different exon sequence between XatvA and XatvB genomic DNAs.  
Arrows indicate PCR primers.  Rectangle boxes indicate sequences of primers.  (C) XatvMO2 
inhibits Xlefty/Xatv pre-mRNA splicing (embryos received 50 ng of each XatvMO and were collected 
at the indicated stages).  Primers in panel B (arrows) amplify across intron 1 using unspliced XatvA 
and XatvB pre-mRNA. –RT, +RT controls are from uninjected embryos.  (D) Magnified diagram of 
PCR-amplified region in Exon1, Intron1 and Exon2 shown in panel A.  Red prints show different 
exon sequence between XatvA and XatvB genomic DNAs.  Arrows indicate PCR primers for 
amplifying XatvA and XatvB.  Note that there are sequence variations at 3′-end between XatvA-and 
XatvB-specific primers.  (E) Specificity of XatvB primer set.  Whereas XatvA primer set barely 
amplified XatvB cDNA (lane 2), XatvB primer set robustly amplified XatvB cDNA (lane 3).  M, 
marker; -, no template.  (F) Embryos injected with 50 ng of XatvMO2 were collected at stage 10.5.  
RT-PCR was performed with XatvA or XatvB primer sets that amplify XatvA or XatvB mRNA, 
respectively. 
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In XatvMO2- embryos, however, spliced PCR products are mostly XatvA-class (Fig. 3.3F, 
lane 5).  XatvA mRNA splicing was blocked to a small degree, as indicated by the 
presence of the slightly larger “unspliced” DNA fragment compared to XatvB (Fig. 3.3F, 
lane5); whether this is because there is increased Xlefty/Xatv expression because of the 
increased Xnr signaling is currently unknown.  There was, in contrast, a major effect on 
XatvB splicing (Fig. 3.3F, lane 6).   
The selective effect of XatvMO2 on XatvB splicing was also confirmed by testing 
the PCR products for cleavage by XatvB-specific restriction enzymes such as AvaI, NciI 
and MspI selected from XatvB exon and intron sequences (the XatvA intron sequence is not 
available yet).  As control experiments, I tested whether these restriction enzymes are 
XatvB-specific using RT-PCR products generated from spliced form of Xlefty/Xatv in 
normal embryos.  First, PCR products generated with the same primer set as shown in 
Fig. 3.3B were treated with the restriction enzymes (Fig. 3.4A).  Since the PCR products 
contain amplified DNA originated from both Xlefty/Xatv alloalleles, treatment with the 
XatvB-specific restriction enzymes should produce both undigested and digested DNA 
fragments.  Indeed, each restriction enzyme gave rise to undigested DNA fragments (129 
bp) as well as digested ones (72 and 57 bp in AvaI; 87 bp and 42bp in NciI and MspI; 
Fig. 5A).  Next, when AvaI, NciI and MspI were applied to PCR products amplified with 
XatvA- or XatvB-specific primer sets (Fig. 3.3D), whereas there was no digestion in PCR 
products (154 bp) amplified by the XatvA-specific primer set (Fig. 3.4B), PCR products 
(154 bp) amplified by the XatvB-specific primer set were completely digested with the 
expected size of DNA fragments (79 and 75 bp in AvaI; 94 bp and 60bp in NciI and 
MspI; Fig. 3.4C).  Therefore, these control experiments indicate that AvaI, NciI and MspI 
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specifically digest the PCR products derived from XatvB cDNA. Next, RT-PCR products 
generated from XatvMO2-injected embryos with the same primer set as shown in Fig. 3.3B 
were incubated with the XatvB-specific restriction enzymes (Fig. 3.4D-F).  The full-length 
product representing XatvB intron-spanning DNA fragments (649 bp) were not detected in 
each restriction enzyme-treated sample, but the expected size of cleaved DNA fragments 
derived from XatvB sequences were detected (Fig. 3.4D, E).  In addition, some weaker 
unexpected-size DNA fragments were also detected in both restriction enzyme-treated 
and -untreated samples, indicating a minor inhibitory effect on the splicing of XatvA pre-
mRNA by XatvMO2 (as shown in Fig. 3.3F, lane 5).  This strong band intensity in XatvB 
intron-spanning DNA fragments was clearly shown when the unspliced form of PCR 
products were re-amplified and then treated with XatvB-specific restriction enzymes (Fig. 
3.4F).  Overall, these data demonstrate that XatvMO1 mainly inhibits translation of XatvA 
mRNA, and that XatvMO2 selectively and efficiently targets the splicing of XatvB pre-
mRNA. 
 
Stronger inhibition of Xlefty/Xatv function is achieved by simultaneous knockdown 
of both XatvA and XatvB RNAs 
 
First, the Xlefty/Xatv loss-of-function phenotype was compared after injecting 
XatvMO1, XatvMO2, or both mixed together, at the 1-cell stage (Fig. 3.5A).  Experimental 
embryos scored at late neurula to tailbud stages displayed a spectrum of defects from 
severe gross exogastrulation, a typical phenotype associated with abnormal gastrulation – 
an “open-back” defect in which the neural plate is split open – and almost normal tailbud 
morphology.  I tested whether concurrently blocking the function of XatvA and XatvB 
shifted the proportional representation of defects towards the more severe phenotype.
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Fig. 3.4  XatvMO2 mainly inhibits XatvB pre-mRNA splicing.  (A-C) Specific digestion of XatvB 
DNA by restriction enzymes.  To test the specificity of AvaI, NciI and MspI, RT-PCR products 
amplified with several Xlefty/Xatv primer sets were treated with the restriction enzymes.  cDNA was 
synthesized from total RNA extracted from uninjected embryos at St. 10.5.  (A) Treatments RT-
PCR products amplified with Xlefty/Xatv primers shown in Fig. 3.3B with the restriction enzymes 
produced undigested fragments (XatvA) as well as digested ones (XatvB).  (B) The restriction 
enzymes have no effect on RT-PCR products amplified with XatvA-specific primers shown in Fig. 
3.3D.  Note that there are no digested fragments.  (C) The restriction enzymes specifically digested 
RT-PCR products amplified with XatvB-specific primers shown in Fig. 3.3D.  Red arrowheads 
schematically indicate the digestion sites of XatvB DNA by the restriction enzymes.  In right side of 
agarose electrophoresis, blue prints represent the expected size of XatvB DNA fragments and 
orange ones indicate that of XatvA DNA fragments.  (D-F) RT-PCR products were amplified from 
cDNA of XatvMO2-injected embryos with Xatv primers shown in Fig. 3.3B.  (D) Schematic diagrams 
of XatvB RT-PCR products and the digestion sites (red arrowheads) by three XatvB-specific 
restriction enzymes.  Rectangles and lines indicate exons and introns, respectively.  (E) Restriction 
enzymes produced the expected size of digested XatvB DNA fragments from spliced and unspliced 
Xlefty/Xatv PCR products with relatively strong band intensity.  (F) Restriction enzyme treatments 
with re-amplified unspliced form of RT-PCR products shown in panel E.  Note that XatvB DNA 
fragments were more clearly detected with strong band intensity, compared to panel E.  Blue and 
orange prints in panel E and F represent the expected size of XatvB and XatvA DNA fragments, 
respectively.
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The 35 ng dose of each individual MO produced a high incidence of open-back embryos 
(Fig. 3.5A).  For unknown reasons, the XatvMO2 splice blocker alone induced the open-
back phenotype at a lower incidence than the XatvA translation blocker XatvMO1 alone.  
However, individual MOs caused a relatively low incidence of exogastrulation at the 50 
ng dose (XatvMO1: 12%, n = 32; XatvMO2: 23%, n = 44).  In contrast, coinjection of a 
mixture of a “half-dose” (25 ng each) of XatvMO1 and XatvMO2 induced a higher proportion 
of exogastrulae compared to injecting 50 ng of single MO (Fig. 3.5A).  A similar increase 
in effectiveness of XatvMO1+XatvMO2 coinjection was seen by analyzing the expansion of 
mesendodermal marker expression (Fig. 3.6E-L; Fig. 3.6Q-T; Fig. 4.1B; Fig. 4.3A).  In 
XatvMO1+XatvMO2 coinjected embryos, Xnr2, Gsc, Xlefty/Xatv, and Xbra expression were 
more increased and expanded than in single MO injected embryos during gastrulation.  
These data indicate a strong synergistic effect caused by simultaneously targeting XatvA 
and XatvB RNAs.   
During these studies, another report on MO-based loss-of-function of Xlefty (now 
generally accepted as the common name for what was concurrently named Xlefty and 
Xatv) was published by Branford and Yost (2002), who used XleftyA- or XleftyB-
specific MOs in single injections.  To assess the knockdown effects more clearly, the 
same XleftyB-MO as Branford and Yost used was synthesized and I compared it alone, 
or in various mixtures with XatvMO1 and XatvMO2.  The 25 nt XleftyB-MO exactly 
matches the 5′-UTR of XatvB mRNA (Fig. 3.2A), and XatvA over 17 nt at the MO’s 3′ end 
with a gap of 6 nt mismatch and 2 end matches.  Similar to the single injection of XatvMO1 
or XatvMO2, no exogastrulae were produced by 35 ng of XleftyB-MO, although it caused 
~100% incidence of the open-back phenotype (Fig. 3.5A).  In contrast, combinations of 
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Fig. 3.5  Synergistic effect on Xlefty/Xatv knockdown by coinjecting XatvA- and XatvB-
specific MOs.  (A) Synergistic targeting by coinjection of XatvMOs.  Coinjection of lower dose (25 
ng or 16.7 ng each) of each XatvMO that targets both XatvA and XatvB RNA (XatvMO1+leftyB-MO, 
XatvMO1+XatvMO2 and XatvMO1+XatvMO2+leftyB-MO) is much more potent at knocking down 
Xlefty/Xatv function than single injection of each XatvMO (35 ng).  Coinjection of XatvMO2 and leftyB-
MO (complementary to 5′-UTR of XatvB mRNA; Branford and Yost, 2002) that mainly inhibit XatvB 
function is less effective than coinjection of other MO combinations. (B) Comparison of knockdown 
effect by several combinations of XatvMOs.  Embryos were injected with 60 ng of (b) leftyB-MO 
(Branford and Yost, 2002), 30 ng of each of the pair of (c) XatvMO2 + leftyB-MO, (d) XatvMO1 + 
leftyB-MO, or (e) XatvMO1 + XatvMO2, or 20 ng of each of the three (f) XatvMO1 + XatvMO2 + leftyB-
MO at the 1-cell stage, and assayed at St. 10.5 by whole mount in situ hybridization.  Coinjection of 
MOs that target the A and B copy of Xlefty/Xatv induce more expanded Xlefty/Xatv expression than 
injecting leftyB-MO alone (b; 55%, n = 20).  MO combinations that inhibit both XatvA and XatvB 
function such as XatvMO1 + leftyB-MO (d; 73.7 %, n = 20), XatvMO1 + XatvMO2 (e; 85 %, n = 20), and 
XatvMO1 + XatvMO2 + leftyB-MO (f; 72.2 %, n = 18) give rise to expanded Xlefty/Xatv expression at 
higher frequency than XatvMO2 + leftyB-MO that mainly targets XatvB function (c; 55 %, n = 20).
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MOs produced exogastrulae.  The exogastrula incidence (19%) induced by injecting 50ng 
of XatvMO2/XleftyB-MO mixtures that mainly target only XatvB was similar to that 
induced by the same amount of XatvMO2 alone (23%), indicating a dosage 
effect.However, the exogastrula incidence was higher in MO combinations that inhibit 
XatvA/XatvB together than in XatvMO2/XleftyB-MO mixtures, the latter targeting B 
alloalleles only (Fig. 3.5A).  The incidence of the exogastrula by injecting 50ng of MO 
combinations that inhibit XatvA and XatvB together is comparable to that obtained by 
injecting approximately 70 ng of one Xlefty-MOs (40%; see Branford and Yost, 2002), 
suggesting a more effective knockdown by simultaneously inhibiting both alloalleles.  
The general view from marker analysis also supported that combination MO-based loss 
of function of XatvA and XatvB caused much more profound effects on embryonic 
patterning than those targeting either alloallele.  The expanded expression of specific 
markers, such as Xlefty/Xatv, was greater with XatvA and XatvB mixed MOs (e.g., Fig. 
3.5B:c, e), and the expansion was more reproducible across batches of embryos.  MO 
combinations that inhibit both alloalleles produced 17-30% higher incidence of expanded 
Xlefty/Xatv expression than XatvB-targeting XatvMO2/XleftyB-MO mixture (Fig. 3.5B).  
Equal amount mixtures of (XatvMO1+XatvMO2+XleftyB-MO) had the same phenotype 
spectrum as for (XatvMO1+XatvMO2).  Overall, the simple conclusion from these data is 
that a stronger inhibition of Xlefty/Xatv function is accomplished by simultaneous 
functional knockdown of both XatvA and XatvB RNAs.  The more reproducible and larger 
scale phenotypic and marker gene expression alterations caused by the XatvMO1/XatvMO2 
mixture led to its use for the experiments described below.
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Fig. 3.6  Synergistic effect on Xlefty/Xatv knockdown by coinjecting XatvA- and XatvB-
specific MOs, with dramatic effects on Xnr target gene expression beginning from early 
gastrula onwards.  Embryos were injected with 60 ng of XatvMO1 or XatvMO2, or 30 ng each of 
(XatvMO1 + XatvMO2) at the 1-cell stage, and assayed at St. 9.5 and St. 10.5 by whole mount in situ 
hybridization.  Some embryos were bisected sagittally through the center of the dorsal lip before 
processing.  MO-based depletion of Xlefty/Xatv did not change the expression level/domain of 
Xlefty/Xatv or Xbra at stage 9.5 (A-D, M-P).  Expression of both genes was markedly upregulated 
and expanded in XatvMO-injected embryos at stage 10.5 (E-L, Q-T).  Note that coinjecting XatvMO1 
and XatvMO2 caused a more increased and expanded expression of markers than either single MO 
injection, suggesting a stronger knockdown of Xlefty/Xatv function.  (A-H, M-T) Dorsal views, 
except (E) (vegetal view).  (I-L) Sagittally bisected embryos.  Green arrowheads, dorsal lip; red and 
yellow arrowheads show the distal and proximal boundaries of Xlefty/Xatv expression from the 
dorsal lip, respectively; white brackets, breadth of Xbra expression domain.  [Quantitative analysis 
of alterations in MO-injected embryos shown: B, n = 8/8; C, n = 5/7; D, n = 3/4; F, n = 7/9; G, n = 
8/10; H, n = 6/6; J, n = 5/5; K, n = 7/7; L, n = 6/6; N, n = 10/10; O, n = 6/9; P, n = 6/8; R, n = 9/10; 
S, n = 8/10; T, n = 4/4.] 
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Loss of Xlefty/Xatv function causes gastrulation defects 
Next, morphological changes were analyzed in XatvMO1+MO2-injected embryos.  
Compared to uninjected embryos, MO-injected embryos (either XatvMO1+MO2 or control 
MO) were approx. ~30-40 minutes delayed in initiating formation of the dorsal lip (data 
not shown), but from stage 10.5 onwards, control MO and uninjected embryos had 
indistinguishable rates of development.  The great majority of XatvMO1+MO2-injected 
embryos developed very similarly to control embryos until stage 10.5, forming an 
incipient dorsal lip and initial blastopore groove.  As reported previously (Branford and 
Yost, 2002), lateral spreading of the blastopore lip stopped fairly abruptly at stage 10.5, 
and gastrulation movements were effectively aborted.  At stage 18 when normal embryos 
formed neural tube and head fold, the severely disrupted embryos lacked a proper 
dorsoventral or anteroposterior axis and overspecified mesendoderm tissues (Fig. 3. 
7A:c), somewhat similar to that caused by Xnr2 overexpression (Fig. 3.7A:d).  When 
unconstrained by the vitelline membrane, unlike normal embryos, mesendoderm in 
XatvMO1+MO2-coinjected embryos failed to invaginate but started to protrude from 
ectoderm during gastrulation (Fig. 3.7B:b).  At later stage, the overspecified 
mesendoderm completely separated from ectoderm, resulting in typical exogastrulae (Fig. 
3.7B:d; also see Branford and Yost, 2002).  
 
Overexpression of Xlefty/Xatv RNA rescues the XatvMOs-induced morphological 
defects  
 
The XatvMO phenotype was specifically attributable to decreased Xlefty/Xatv 
function.  When XatvMO1 was injected into 1-cell embryos along with increasing doses of 
Xatv* RNA (the 18 nt matching with XatvMO1 was deleted, plus mismatches introduced; 
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Fig. 3.2A), the phenotype was progressively rescued, leading to high proportions of 
normal embryos when scored at late neurula stage (Fig. 3.7C) or later (not shown).  I note 
that the pBluescript-derived Xatv* RNA is relatively inefficiently translated than when 
produced from other vectors such as pCS2+, and Xatv* did not cause a global embryonic 
phenotype in injected normal embryos.  Because XatvMO2 inhibits Xlefty/Xatv splicing but 
not translation (Fig. 3.2B; Fig. 3.3C), normal Xlefty/Xatv cRNA should overcome the 
defects caused by XatvMO2.  Wild type Xatv RNA dose-dependently rescued the defects 
caused by XatvMO1 (data not shown) and the splicing blocker XatvMO2 (Fig. 3.7D).  
 
Discussion 
Antisense morpholino oligonucleotides (MO) are very useful tools for studying 
loss of gene function in Xenopus and zebrafish (Heasman et al., 2000; Nasevicius and 
Ekker, 2000; Heasman, 2000).  In zebrafish, phenotypic defects obtained by genetic 
mutation were mimicked by the injection of specific MOs, validating the use of MO as an 
effective means to analyze the loss of function of genes from nucleotide sequence, 
another kind of reverse genetics.  For example, sixteen out of 17 selected genes that were 
effectively targeted by MOs led to good phenocopies of known genetic mutants 
(Nasevicius and Ekker, 2000; Lele et al., 2001). 
An important consideration for MO-based gene knockdown in Xenopus laevis is 
its allotetraploidy, meaning that there are most often two alloalleles of any gene of 
interest (Heasman, 2002).  Whereas coding sequences between two alloalleles are 
generally very similar and encode almost identical amino acid sequences, sequences in 
non-coding 5′ UTR between two alloalleles are often significantly different.  To 
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Fig. 3.7  Loss of Xlefty/Xatv function causes gastrulation defects.  (A) Compared to (a) 
uninjected embryos or (b) embryos receiving 50 ng of control MO at 1-cell stage, severe 
morphogenetic defects at neurula stage (St. 18) are caused by (c) 25 ng each XatvMO1 and XatvMO2 
(45 %, n = 42), or (d) 20 pg of Xnr2 RNA (91.5 %, n = 57).  (B) Xlefty/Xatv depletion gives rise to 
exogastrulation.  After 1-cell stage embryos received 30 ng each of XatvMO1 and XatvMO2, the 
vitelline membrane was removed at St. 9.  (a) Uninjected embryo at St. 11.5.  (b) Exogastrula 
caused by XatvMO1+MO2 injection at St. 11.5 (n = 10/10).  (c, d) Uninjected (c) and XatvMO1+MO2-
injected (d) embryo at St. 25.  White arrowheads indicate the distal ectodermal region.  (C, D) 
Rescue of XatvMO-induced phenotypic defects.  Xlefty/Xatv overexpression dose-dependently 
rescues the morphogenetic defects induced by XatvMO.  (C) Rescue of XatvMO1 phenotypes by 
coinjection with the rescue RNA, Xatv* (Fig. 3.2A).  XatvMO1 (50 ng) was injected into 1-cell stage 
embryos with Xatv* RNA (increasing pg dose indicated) and morphological changes scored at St. 
18.  Xatv* alone (200 pg), or control MO (50 ng) together with Xatv* (200 pg) did not significantly 
affect embryo development.  In contrast, morphological defects caused by XatvMO1 injection were 
rescued by Xatv*, dose-dependently.  (D) Dose-dependent rescue of splicing-blocker XatvMO2 
phenotypes by coinjection with wild type XatvB RNA (other experimental conditions as above). 
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knockdown both alloalleles, therefore, translation-blocking MO should be designed to 
target the conserved area within 5′ UTR and/or coding region at the start site, or two MOs 
have to be made separately (Sumanas and Ekker, 2001).  As the initial attempt to 
knockdown both Xlefty/Xatv alloalleles in these studies, I designed MO complementary 
to the conserved coding region containing the translational start codon in consultation 
with Gene Tool’s technical service.  However, the MO designed using these criteria did 
not show any specific phenotype.  However, the function of two Xlefty/Xatv alloalleles 
was successfully suppressed by two MOs: XatvMO1, a translation blocker of XatvA (Fig. 
3.2B), and XatvMO2, a splicing inhibitor of XatvB (Fig. 3.3). 
In MO experiments, specificity controls are essential to determine if the MO-
induced phenotype is really associated with the specific MO-mediated knockdown of a 
gene of interest.  The most common specificity controls include generating the same 
phenotype with independent injections of two MOs of different sequences (Nasevicius et 
al., 2000; Howard et al., 2001), simultaneous targeting using two MOs of nonoverlapping 
sequences (Draper et al., 2001; Cui et al., 2001; Sumanas et al., 2001), or – more 
importantly – rescuing the phenotypic defects by injecting RNA that either lacks the 5′ 
UTR recognized by the MO (Heasman et al., 2000; Nasevicius and Ekker, 2000) or 
contains altered bases in the MO-recognizing region (Cui et al., 2001).  In these 
experiments, XatvMO1 and XatvMO2 target completely different regions of Xlefty/Xatv 
mRNA, but each of them gave rise to the same phenotypic defects and alteration of 
maker expressions (Fig. 3.2; Fig. 3.3; Fig. 3.6).  In addition, coinjection of a half-dose of 
both MOs resulted in the synergistic targeting of Xlefty/Xatv, showing higher incidence of 
severe phenotypic defects such as exogastrulae and more increased and expanded marker 
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expressions than a full dose of either MO alone (Fig. 3.5A; Fig. 3.6).  Finally, XatvMO-
induced phenotypic defects were dose-dependently rescued by overexpression of 
Xlefty/Xatv RNA (Fig. 3.7C, D).  Therefore, these results strongly support that the 
alterations in morphology and marker expression by injecting XatvMOs are highly 
correlated with reducing functional Xlefty/Xatv protein levels in the embryos.  
Recent studies injecting either of two different translation-blocking Xlefty/Xatv 
morpholinos concluded that Xlefty/Xatv spatially limits Nodal target gene expression, 
but only over a fairly restricted region around the dorsal organizer domain (Branford and 
Yost, 2002; Tanegashima et al., 2004).  The less dramatic effects compared to findings in 
my studies (Fig. 3.5B; Fig. 3.6E-L, Q-T; see Chapter IV) may be related to targeting only 
XatvA or XatvB in those experiments.  The translation-blocker, XatvMO1, which matches 18 
nucleotides of XatvB, led to an inhibition of XatvA but not XatvB mRNA translation in 
vitro (Fig. 3.2B).  Similarly, the XleftyA- and XleftyB-specific MOs of Branford and Yost 
(2002) are complementary to 11 nucleotides of XleftyB and to 16 of XleftyA respectively, 
thus reducing the likelihood of cross-copy knockdown.  No results from coinjecting both 
of their MOs were reported.  The effective knockdown of both Xlefty/Xatv alloalleles 
would be crucial for appreciating the full effect of Xlefty/Xatv-mediated feedback 
regulation in vivo, because the Xnr autoregulation and Xlefty/Xatv-Xnr negative 
feedback loop generates a kind of co-dependent or self-buffering relationship between 
Xnrs and Xlefty/Xatv.  For example, if only XatvA-specific MO is injected, Xnr 
signaling would be increased via Xnr autoregulatory loop because of the reduced overall 
Xlefty/Xatv function.  Then, the intensified Xnr signaling would be expected to induce 
higher levels of expression of both Xlefty/Xatv alloalleles (both alloalleles are equally 
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expressed in normal embryos; Fig. 3.3F, lanes 3 and 4; Branford et al., 2000).  In this 
situation, increased XatvB that is not blocked by the XatvA-specific MO would still 
function in negative feedback inhibition, and offset or reduce the MO effect.  Indeed, a 
general finding from my studies was that injections of single MO that suppresses one of 
two Xlefty/Xatv alloalleles were less effective at reducing Xlefty/Xatv function than 
mixtures of lower doses of MOs that target XatvA and XatvB simultaneously (Fig. 3.5; 
Fig. 3.6).  Furthermore, coinjection of the splice blocker XatvMO2 and translation blocker 
XleftyB-MO, which both target XatvB, was also less effective than simultaneously 
targeting both alloalleles (Fig. 3.5).  Overall, I conclude that more reproducible and 
stronger knockdown of Xlefty/Xatv function is achieved by synergistically inhibiting 
both XatvA and XatvB function. 
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CHAPTER IV 
 
CO-OPERATIVE NON-CELL AND CELL AUTONOMOUS REGULATION OF 
NODAL GENE EXPRESSION AND SIGNALING BY LEFTY/ANTIVIN AND 
BRACHYURY IN XENOPUS EMBRYOS 
 
 
Introduction 
Intercellular signaling via the TGF-β family member Nodal plays a central role in 
mesendodermal fate specification and patterning of vertebrate embryos (Schier and Shen, 
1999; Whitman, 2001; Schier, 2003).  Fundamental questions related to how the activity 
of this potent inducer is deployed during embryonic patterning include how it is regulated 
transcriptionally and post-transcriptionally, and how post-translational modifications 
affect protein secretion, ligand maturation from the pro-protein, or ligand movement 
characteristics within the extracellular milieu (Constam and Robertson, 1999; Le Good et 
al., 2005).  Biological effects on the receiving cell also depend upon the availability of 
obligate receptor complex cofactors that are involved in signal receipt and transduction, 
such as the EGF-CFC proteins (Shen and Schier, 2000; Schier, 2003).  
One of the conserved aspects of Nodal signaling is autoregulation of Nodal 
signaling through FAST/FoxH1 (Norris and Robertson, 1999; Adachi et al., 1999; Osada 
et al., 2000; Pogoda et al., 2000; Saijoh et al., 2000).  Indeed, conserved cis-regulatory 
intronic regions, which contain a pair of binding sites for the FAST/FoxH1 factor, have 
been identified in mouse Nodal, frog Xnr1 and ascidian Nodal-related 1 (Osada et al., 
2000).  This FAST/FoxH1-dependent Nodal autoregulatory loop is likely to be an 
important mechanism for maintaining and upregulating Nodal expression both in 
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prospective mesendoderm during gastrulation and in lateral plate mesoderm during later 
L-R patterning.  Interestingly, the same mechanism prevents inappropriate inductive 
effects by maintained and upregulated Nodal signaling by inducing Nodal inhibitors, such 
as Lefty/Antivin.  
An important extracellular feedback inhibitor of Nodal signaling is Lefty (also 
initially named Antivin [i.e., anti-activin] in frogs and zebrafish), whose transcription is 
directly activated by Nodal signaling (Meno et al., 1996, 1997, 1999; Bisgrove et al., 
1999; Thisse and Thisse, 1999; Cheng et al., 2000; Tanegashima et al., 2000).  Like 
Nodal, Lefty ligands are also released by protease cleavage from precursor pro-proteins 
(Sakuma et al., 2002).  At the level of analysis carried out so far, Lefty is thought to work 
as a monomer to inhibit Nodal signaling at the level of the receptor complex, either by 
binding the EGF-CFC factor directly (Cheng et al., 2004; Tanegashima et al., 2004), or 
perhaps by physically interacting with the Nodal ligand itself (Chen and Shen, 2004).  
The idea that Lefty/Antivin is a key negative feedback regulator of Nodal/Xnr expression 
fits well with their spatiotemporal expression characteristics.  Loss-of-function 
experiments involving genetic manipulations in mice (Meno et al., 1999, 2001) or 
translational inhibition in frogs and zebrafish (Agathon et al., 2001; Chen and Schier, 
2002; Feldman et al., 2002; Branford and Yost, 2002; Tanegashima et al., 2004) lead to 
increased and expanded Nodal signaling.  
There is evidence from overexpression experiments in Xenopus and zebrafish that 
Lefty can move a long distance to suppress expression of Nodal-responsive genes in the 
marginal mesendodermal territory (Chen and Schier, 2002; Branford and Yost, 2002).  
Consistent with this idea, studies with mouse Nodal-GFP and Lefty-GFP fusion proteins 
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in chicken embryos suggest that both ligands move relatively far, but that Lefty travels 
farther and faster than Nodal (Sakuma et al., 2002).  The latter relationship is a tenet of 
reaction-diffusion models for inducer/antagonist signaling loops in embryonic patterning 
(Turing, 1952; Gierer and Meinhardt, 1972; Meinhardt and Gierer, 2000; Juan and 
Hamada, 2001; Chen and Schier, 2002).  Because the relative level of Nodal signaling 
output arising from Nodal-Lefty (Xnr-Xatv/Xlefty) antagonism is likely to be a key 
determinant of cell fate, important goals include a full mechanistic description of the 
factors that affect the expression, diffusibility, and perdurance of Nodal and 
Lefty/Antivin in vivo. 
In Chapter III, I provided evidence that stronger knockdown of Xlefty/Xatv 
function is achieved by injecting both XatvMO1 and XatvMO2 that inhibit both Xlefty/Xatv 
alloalleles.  Using this manipulation, I analyzed the function of Xlefty/Xatv as a negative 
feedback regulator for Xnr signaling during early embryogenesis.  Coinjection of both 
XatvMO1 and XatvMO2 produced a much more dramatic effect on downstream target gene 
activation and embryonic patterning then single injection of XatvMO1 or XatvMO2 alone, 
which was associated with an increased level and boundary of Xnr expression and 
signaling.  In agreement with previous studies, mesendodermal specification and 
patterning during early gastrulation in XatvMO-injected embryos began normally, but 
became greatly disrupted shortly thereafter.  Abnormal embryonic morphogenesis was 
associated with very broad expansion of mesendodermal marker gene expression, 
including for example expansion of Xbra from the normal equatorial band to cover 
almost the entire animal cap region.  A failure of involution combined with abnormal 
convergence and extension movements led to a form of exogastrulation, involving 
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overspecification of mesendodermal tissue, a morphant phenotype that is reminiscent of 
Xnr-induced hyperdorsalization.  Our analysis provides stronger evidence that 
Xlefty/Xatv is a potent restrictor of the strength, duration and range of Xnr signaling 
during the cell fate specification and patterning that occurs prior to and during 
gastrulation.  Results with Xnr-selective inhibitors indicate that the massive expansion of 
the organizer and mesendodermal territory observed after Xlefty/Xatv knockdown was 
caused by large-scale increases in Xnr signaling range, which for certain genes extended 
to cover the entire animal hemisphere of this large embryo.  These alterations of Xnr 
signaling during gastrulation caused enlargement of the mesendodermal tissues that were 
maintained in later stage embryos.  Moreover, the relatively small spatial expansion of 
Xnr expression in XatvMO-injected embryos is linked to an indirect transcriptional 
suppression from the expanded Xbra domain.  The latter finding strongly supports the 
previous notion (Kumano et al., 2001) of a fundamental level of cross-regulation between 
Xbra and Xnr, but leads to a new understanding of the dual level regulation that ensures 
the transient and restricted nature of Xnr expression during gastrula stages.  The 
expanded Xnr2 expression domain in XatvMO- and/or Xbra-EnR-injected embryos is 
remarkably restricted to the superficial layer of the embryo, suggesting that the 
embryonic tissues exhibit a differential competence with respect to initiating the 
expression of essential regulatory genes such as the Xnrs.  I present an integrated model 
for the multiple influences that cause the expression of Xnrs to be initiated and 
maintained in a narrow domain of the superficial marginal zone, which is a key 
determinant of their overall inductive range for mesendodermal fate specification during 
gastrulation stages.  
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Results 
 
Xlefty/Xatv depletion increases and prolongs Xnr expression 
To characterize further the role of Xlefty/Xatv in regulating Xnr signaling, the 
expression patterns of various markers, including Xnrs themselves, were examined in 
XatvMO1+MO2-injected embryos during gastrulation.  The previous results (Branford and 
Yost, 2002) of a relatively modest effect on pan-mesodermal or region-specific (e.g., 
organizer) markers were confirmed with single MO injections (even at doses of up to ~50 
ng each).  In contrast, coinjection of XatvMO1+MO2 (25-30 ng each) into 1-cell embryos 
produced more dramatic alterations (Fig. 3.6E-L, Q-T; Fig. 4.1B; Fig. 4.3A).  Because 
Xlefty/Xatv is thought to be a feedback inhibitor of Xnr autoregulation, I first examined 
the expression of the Xnr genes that are expressed in a localized manner during 
gastrulation and have been determined to be largely affected by intercellular Xnr 
signaling (Jones et al., 1995; Joseph and Melton, 1997; Takahashi et al., 2000).  By 
whole-mount in situ analysis and RT-PCR (Fig. 4.1), expression of both Xnr1 and Xnr2 
genes became upregulated starting at around mid-gastrula stage, with noticeably 
increased transcript levels maintained during gastrulation.  Together with the elevated 
expression level, Xlefty/Xatv depletion induced, as previously reported (Branford and 
Yost, 2002), a modest expansion towards the animal pole of the domain of Xnr1 and 
Xnr2 expression (Fig. 4.1A, B:a-d; Fig. 4.9D, D′; note that Xnr1 transcripts are more 
difficult to detect and record than other Xnr genes).  A significant difference in the level 
of Xnr (Fig. 4.1C) and Xnr-responsive gene expression from the mid-gastrula stage (Fig. 
3.6) suggests that Xlefty/Xatv negative feedback regulation, even during relatively early.
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Fig. 4.1  Xlefty/Xatv depletion increases and prolongs Xnr expression.  (A, B) In situ 
hybridization analysis of Xnr expression in Xlefty/Xatv-deficient embryos.  XatvMO1 and XatvMO2 (30 
ng each) were injected at 1-cell stage. XatvMO1+MO2-injection upregulates and maintains Xnr1 and 
Xnr2 expression during gastrulation.  (A) The expression Xnr1.  Upper panel shows uninjected 
embryos at stage 10.5 (n = 5/5).  Dorsal view.  Lower panel shows XatvMO1 + XatvMO2-injected 
embryos (n = 7/7).  Dorsal view. (B) The expression of Xnr2 (vegetal pole view).  (a, e, i) uninjected 
or (b, f, j) control MO (60 ng)-injected embryos compared to those injected with (c, g, k) XatvMO1 
alone (60 ng).  [Quantitative analysis of alterations shown: c, n = 5/5; g, n = 6/6; k, n = 8/8.]  (d, h, l) 
XatvMO1+MO2-injected embryos (quantitation: d, n = 14/15; h, n = 10/13; l, n = 13/13).  Note the 
stronger Xnr2 signal in XatvMO1+MO2-injected embryos than in XatvMO1-injected embryos.  The 
limited expansion of Xnr1 and Xnr2 expression in Xlefty/Xatv-deficient embryos.  (C) RT-PCR 
analysis of Xnr expression in Xlefty/Xatv-deficient embryos.  Total RNA was extracted from whole 
embryos injected with 60 ng control MO, or 30 ng of each XatvMO1 and XatvMO2 (–RT, +RT controls 
are from uninjected embryos).  Note that Xlefty/Xatv deficiency increases and prolongs the 
expression of Xnr1, Xnr2 and Xnr4 during gastrulation, but not the expression of Xnr5 and Xnr6.  
ODC, a loading control. 
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gastrulation, is critical for achieving an appropriate level of Xnr signaling.  Among the 
four remaining Xnr genes, Xnr5 and Xnr6 are primarily activated by maternal factors 
such as VegT and not by intercellular Xnr signaling (Takahashi et al., 2000; Yang et al., 
2002; Rex et al., 2002).  Indeed, RT-PCR assays showed that the expression levels of 
both of these genes were unaffected during both blastula and gastrula stage (Fig. 4.1C).  
The expression level of Xnr4, which is maintained by intercellular Xnr signaling (Joseph 
and Melton, 1997; Agius et al., 2000), was unaffected in the XatvMO1+MO2-injected 
embryos until stage 10.5 (Fig. 4.1C).  At stage 11.5, however, Xnr4 showed a large 
increase compared to controls (Fig. 4.1C), likely related to its expression in axial midline 
tissue at later stage, which as described below is increased in XatvMO1+MO2-injected 
embryos (Fig. 4.6).  Xnr3 expression was not analyzed as it is not currently thought of as 
a significant mesendodermal inducer (but see Yokota et al., 2003 who showed that very 
high doses of Xnr3 seemed to work as a weak mesoderm inducer), and is more directly 
linked to Wnt-based patterning influences. 
An important aspect that has, so far, not been studied in depth is the level to 
which the expression of Xatv/Xlefty, which is a direct target of Xnr signaling (Cheng et 
al., 2000; Tanegashima et al., 2000), is affected when Xlefty/Xatv translation is reduced.  
The level of Xlefty/Xatv expression was not changed at late blastula stage (stage 9.5; Fig. 
3.6A-D), but the dorsally disposed expression domain became greatly expanded during 
gastrulation, including a large animal pole-ward expansion (Fig. 4.2; Fig. 3.6E-L).  The 
highly abnormal convergence and extension and involution movements in XatvMO1+MO2-
injected embryos were associated with a failure to narrow Xlefty/Xatv expression to the 
dorsal midline (Fig. 4.2I, L).  At late gastrula (stage 12.5), the expression domain 
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Fig. 4.2  Expression of Xlefty/Xatv during gastrulation in Xlefty/Xatv-deficient embryos.  
Xlefty/Xatv expression is increased and expanded in XatvMO1+MO2-injected embryos during 
gastrulation.  (A-C) Vegetal views.  (D-L) Dorsal views.  [Quantitation: C, n = 13/15; I, n = 21/23, L, 
n = 13/15.]  (M, N) XatvMO1+MO2-injected embryos at St. 12.5 were bisected longitudinally through 
the center of the Xlefty/Xatv expression domain after whole-mount in situ hybridization and viewed 
either (M) internally or (N) externally (green arrowheads, indentation of the superficial layer (see 
text); red arrowheads, epiboly margin).
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remained widespread and extended more vegetally in XatvMO1+MO2-injected embryos (Fig. 
4.2L). The observation that the Xlefty/Xatv expression domain is much broader than seen 
at any stage of normal control embryonic development indicates a true expansion of the 
expression domain rather than simply a MO-induced stabilization of Xlefty/Xatv mRNA.  
The impression of a dorsal lip margin (green arrowheads; Fig. 4.2L, M) was in fact found 
to represent an indentation of the superficial cell layer, with the vegetal limit of 
Xlefty/Xatv expression (red arrowheads; Fig. 4.2M, N) representing the epiboly margin, 
and reflecting the lack of involution of the superficial region.  
 
Spatiotemporal regulation of Xnr signaling by Xlefty/Xatv is essential for organizer 
formation  
 
The consequences of upregulated and maintained Xnr expression in XatvMO1+MO2-
injected embryos during gastrulation were examined further by analyzing additional Xnr-
responsive genes. The expression patterns of the trunk organizer markers chordin (Chd; 
Sasai et al., 1994) and anti-dorsalizing morphogenetic protein (ADMP; Moos et al., 
1995), and the prospective prechordal plate organizer marker goosecoid (Gsc; Cho et al., 
1991) were initiated normally at the onset of gastrulation (data not shown), but were 
upregulated in XatvMO1+MO2-injected embryos at stage 10.5 (Fig. 4.3A, B, C).  In addition, 
the expression domains of these genes were greatly expanded into the animal/dorsal area 
from the mid-gastrula stage onward (Fig. 4.3A:k, B:g,h; C:h).  Consistent with the 
morphogenetic defects deduced from the abnormal Xlefty/Xatv expression pattern, there 
was no internalization or anterior-ward shifting of the Gsc and Chd expression domains 
in XatvMO1+MO2-injected embryos (compare c with l in Fig. 4.3A, and f with h in Fig. 
4.3B).  In particular, ADMP expression remained, like Xlefty/Xatv, broad and non-
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Fig. 4.3  Xlefty/Xatv is essential for normal organizer formation during gastrulation.  1-cell 
stage embryos received 60 ng of control MO, XatvMO1, or 30 ng each (XatvMO1 + XatvMO2), and 
were assayed by in situ hybridization at the stages indicated.  (A) Gsc expression. (a-l) Dorsal 
views.  [Quantitative analysis of alterations shown: g, n = 9/9; h, n = 13/14; i, n = 9/9; j, n = 12/18; 
k, n = 13/14; l, n = 15/15.]  Note the stronger and more expanded Gsc expression in XatvMO1+MO2-
injected embryos than in XatvMO1-injected embryos.  (B) Chd Expression.  (a, c, e, g) Whole-mount 
in situ hybridization (dorsal views).  During gastrulation, Chd expression is highly upregulated and 
expanded toward the animal side in XatvMO1+MO2-injected embryos (c; n = 19/22, g; n = 15/17).  (b, 
d, f, h) Embryos were sagittally bisected after whole-mount in situ hybridization, through the center 
of the Chd expression domain seen in a, c, e, g, respectively (green arrowheads indicate dorsal 
lip).  (C) ADMP expression. (a-i) Dorsal views [Quantitation: g, n = 11/16; h, n = 15/17; i, n = 14/16.]  
(j, k) XatvMO1+MO2-injected embryo at St. 12.5 was bisected through the center of ADMP expression 
domain along the animal-vegetal axis after in situ hybridization; lateral views are (j) internal or (k) 
external (green arrowheads, indentation of the superficial layer; red arrowheads, epiboly margin).  
(D) Cer expression.  (a, d, g) Vegetal views.  (b, c, e, f, h, i) Dorsal views.  [Quantitation: g, n = 5/6; 
h, n = 7/7; i, n = 6/7.] 
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internalized, with a morphological superficial indentation(green arrowheads; Fig. 
4.3C:i,j) and vegetally extended epiboly margin on the dorsal side (red arrowheads; Fig. 
4.3C:j,k).  The head organizer marker Cerberus (Cer; Bouwmeester et al., 1996) was 
upregulated and expanded by XatvMO1+MO2-injection, although remaining dorsally 
disposed (Fig. 4.3D).  In control embryos, a Cer-negative anterior midline domain 
corresponds to the anteriorly protruding (Gsc-expressing) prospective prechordal plate 
(Fig. 4.3D:a-f).  In XatvMO1+MO2-injected embryos, the horseshoe-shaped Cer expression 
pattern was not observed.  Substantial Cer expression was detectable in the subepithelial 
layer at the dorsal lip at stage 10.5, and Cer expression remained broadly expanded and 
adjacent to the epiboly margin over the next stages of gastrulation (Fig. 4.3D:g-i; data not 
shown).  Because Cer is a downstream target of Nodal signaling, these observations are 
consistent with the idea that the relative balance between trunk and head tissues (Piccolo 
et al., 1999) is modulated by the action of Xlefty/Xatv on Xnr signaling. 
  
The expression of mesodermal markers is massively increased and expanded in the 
absence of Xlefty/Xatv function 
 
Depleting Xlefty/Xatv function had a massive effect on the expression domains of 
Xbrachyury (Xbra), a pan-mesodermal marker (Smith et al., 1991), and Xwnt8, a ventral 
mesodermal marker (Christian et al., 1991; Smith and Harland, 1991).  Unlike the 
previous reports (Branford and Yost, 2002; Tanegashima et al., 2004), and the results 
with single MO injections shown the previous Chapter (Fig. 3.6R, S), XatvMO1+MO2 
together caused an enormous expansion of Xbra expression and, in most embryos, it 
covered almost the entire animal area, an effect that was maintained throughout 
gastrulation (Fig. 4.4A:g-l).  In LeftyMO-injected zebrafish embryos, the expression 
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Fig. 4.4  Xlefty/Xatv is essential for normal mesoderm formation during gastrulation.  1-cell 
stage embryos received 60 ng of control MO, XatvMO1, or 30 ng each (XatvMO1 + XatvMO2), and the 
expression of Xbra and Xwnt8 was assayed by in situ hybridization at the stages indicated.  (A) 
Xbra expression.  (a-i) Lateral views, except c and f (vegetal views).  (j-l) Animal views. 
[Quantitation: j, n = 14/15; k, n = 16/17; l, n = 15/17.]  Xbra expression is massively expanded in 
XatvMO1+MO2-injected embryos during gastrulation.  (B) Xwnt8 expression.  (a, b, e, f): vegetal 
views,  (c, d, g, h): same embryos viewed ventrally.  [Quantitation: e, n = 13/19; f, n = 11/15.]  Red 
arrowheads show the arc of Xwnt8 non-expressing dorsal region. 
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territory of the Xbra homolog no tail (ntl) expression was expanded by blastula stage 
(Agathon et al., 2001; Chen and Schier, 2002).  In contrast, Xbra expression in late 
blastula stage XatvMO1+MO2-injected embryos (as was seen for Xlefty/Xatv) was similar to 
control embryos (Fig. 3.6M-P), with expansion only beginning from the early gastrula 
stage (Fig. 4.4A; Fig. 3.6Q-T).  Similarly, the expression of Xwnt8 was intensified in the 
ventrolateral marginal zone, with slight expansion toward animal pole at stage 10.5, 
while the arc of dorsal non-expression was increased in size (red arrowheads; Fig. 
4.4B:a,e), complementing the expansion of organizer markers described above.  At mid-
gastrula stage, Xwnt8 expression covered the ventrolateral animal quadrant of 
XatvMO1+MO2-injected embryos (Fig. 4.4B:h).  Therefore, these data indicate that 
Xlefty/Xatv is essential for proper mesoderm specification during gastrulation. 
 
Xlefty/Xatv depletion affects endodermal specification 
The modulation of induction processes by Xlefty/Xatv is also important in the 
specification of the normal endodermal territory.  Previous reports failed to detect 
alterations in endodermin (edd) expression caused by Xlefty-MO injections (Branford 
and Yost, 2002).  Gastrula stage edd expression marks axial mesoderm precursors as well 
as endoderm and, in the neurula, the notochord, prechordal plate, hatching gland, and 
entire endoderm, before becoming endoderm-specific at tailbud stages (Sasai et al., 
1996).  Below, effects on edd expression that were detected at later stages in XatvMO1+MO2- 
injected embryos were described (Fig. 4.6A:s-w).  But, for this part of gastrula stage 
analysis, I tried to select more rigorously endoderm-specific genes.  The results showed 
that XatvMO1+MO2 injection not only expanded the expression domain of XSox17α, an Xnr-
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responsive pan-endodermal marker (Hudson et al., 1997; Osada and Wright, 1999), but 
also increased the level of expression within this domain during gastrulation (Fig. 4.9A-
F).  Whole-mount in situ hybridization on bisected embryos showed that XSox17α 
expression was intensified and spatially expanded in the blastopore lip area (Fig. 4.5A:g-
h′′).  Dorsally, the expansion was dramatic in the superficial layer (Fig. 4.5A:g′,h′), while 
the ventral marginal zone showed expansion in both deep and superficial layers (Fig. 
4.5Ag′′,h′′).  Another mesendodermal marker, expressed primarily in endoderm, Mixer 
(Henry and Melton, 1998), was also upregulated and expanded by XatvMO1+MO2 during 
gastrulation (Fig. 4.5B:a-f) to form a broad marginal zone band of expression around the 
entire embryo.  This expression was located in dorsal and ventral regions of bisected 
embryos in the superficial (endodermal) and deep (mesendodermal) layers (Fig. 4.5B:g-
h′′).  
These data lead to the conclusion that mesendoderm specification is initiated 
relatively normally in Xlefty/Xatv-depleted embryos, with dorso-ventral patterning still 
evident, but that loss of Xlefty/Xatv function gives rise to massive expansion of both 
dorsal/ventral mesodermal and endodermal markers, a significant degree of global 
dorsalization of the embryo, and an associated failure of the involution and convergence 
and extension movements of gastrulation. 
 
Depletion of Xlefty/Xatv function expands mesodermal tissues during later 
embryogenesis 
 
The data shown above supported the importance of Xlefty/Xatv as a primary 
negative feedback regulator of the strength, duration and range of Xnr signaling at early 
embryogenesis.  Previously, Branford and Yost (2002) concluded that post-gastrula 
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Fig. 4.5  Xlefty/Xatv is required for normal endoderm fate specification.  (A) In situ 
hybridization with Sox17α in uninjected and XatvMO1+MO2-injected embryos during gastrulation.  (a-
c) Uninjected embryos.  (d-f) XatvMO1+MO2-injected embryos.  (a-d) Vegetal view, dorsal upwards.  
[Quantitative analysis of alterations shown: d, n = 6/6.]  (e, f) Lateral view.  [Quantitation: e, n = 8/8; 
f, n = 9/10.]  (g, h) Sox17α expression at St. 10.5 detected by in situ hybridization after bisection 
through the center of the dorsal lip of (g) uninjected (n = 10/10) and (h) XatvMO1+MO2-injected (n = 
9/10) embryos (dorsal to the left).  (g′, h′) Magnified views, dorsal side of g and h, compared to (g′′, 
h′′) magnified ventral side views.  (B) Mixer expression in (a-c) uninjected and (d-f) XatvMO1+MO2-
injected embryos during gastrulation.  (a-e) Vegetal view, dorsal to the top.  [Quantitation: d, n = 
6/6; e, n = 8/8.]  (f) Lateral view (n = 8/8).  (g, h) Mixer expression at St. 10.5 detected by in situ 
hybridization after bisection through the center of the dorsal lip of (g) uninjected (n = 8/8) and (h) 
XatvMO1+MO2-injected (n = 10/10) embryos (dorsal to the left).  (g′, h′) Magnified views, dorsal side 
of g and h compared to (g′′, h′′) magnified ventral views.  Green arrowheads: dorsal lip.  Red 
arrowheads: most animal/anterior expression limit of Sox17α (A) and Mixer (B).  White brackets: 
separation of blastocoel floor from the edge of Sox17α (A) and Mixer (B) expression domains in 
the superficial layer.  Black brackets: breadth of Mixer-negative area in the dorsal mesoderm 
region (B: g′, h′). 
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Xlefty-deficient exogastrulae exhibit a reversal of the A/P axis but relatively normal 
patterning of the mesoderm and endoderm.  I found, however, that the Xlefty/Xatv 
functional knockdown was translated into a substantial effect on cell fate allocation in 
later embryos. While the overspecification of mesendodermal tissues in the XatvMO1+MO2-
injected embryos results in substantial death during or after gastrulation if they were kept 
inside the vitelline membrane, 80-90% of them survive if the membrane is removed at 
blastula stage, allowing for phenotypic evaluation at later stages.  [My current feeling is 
that batches of embryos responding to the lack of Xlefty/Xatv function by the expansion of 
Xbra over the entire animal hemisphere will die during gastrulation irrespective of 
whether the vitelline membrane is in place or not, because there is essentially no 
remaining ectoderm to cover the repatterned embryo.  In the exogastrula embryos 
reported here, I believe that these represent a batch in which the response to the 
coinjected MOs was less profound, leaving some ectoderm to form presumptive epidermis 
and neural tissue.  Together with this reason, physical separation of the top of animal 
hemisphere from mesendodermal mass by removing vitelline membrane in MO-injected 
embryos seems to somewhat contribute to prospective ectodermal characteristics in MO-
induced exogastrulae at later stages.]  Since XatvMO-induced exogastrulation made it 
difficult to directly compare the differences of marker expression and tissue formation 
between uninjected and XatvMO1+MO2-injected embryos, I decided to compare them to 
classical exogastrulae induced by high salt (HS-exogastrulae) as a control.   
The pan-neural marker, nrp-1 (Richter ea al., 1988; Knecht et al., 1995), was 
expressed in the ectoderm (blue line) but not in the dorsal midline of the mesendodermal
 86 
 
 
 
 
 
 
 
 
 
 
Fig. 4.6  Xlefty/Xatv is essential for proper formation of mesodermal tissues at later 
embryogenesis.  Classical exogastrulae were induced by incubating embryos with high salt (HS) 
solution.  XatvMO1+MO2-injected embryos (30ng each) were incubated in 1X SS without vitelline 
membranes.  When sibling embryos reached stage 25, exogastrulae were collected.  (A) In situ 
hybridization.  (a-c) nrp-1 expression.  [Quantitative analysis of alterations shown: b, n = 4/5; c, n = 
7/8.]  Yellow and blue lines in (b) indicate the protruded mesendodermal mass and ectoderm, 
respectively.  (d-f) Xotx2 expression.  White arrowheads in (f) indicate the expanded prechordal 
plate in the anterior end.  [Quantitation: e, n = 5/5; f, n = 9/9.]  (g-i) Shh expression.  Red 
arrowheads in (i) indicate the expanded prechordal plate in head mesoderm.  [Quantitation: h, n = 
8/11; i, n = 14/18.]  (j-l) Xlefty/Xatv expression.  [Quantitation: k, n = 5/7; f, n = 10/15.]  Yellow and 
blue arrowheads in (j): Xlefty/Xatv expression at the hypochord and neural tube floorplate, 
respectively.  Yellow and blue arrowheads in (k): Xlefty/Xatv signal at the dorsal mesendodermal 
mass and mesendodermal mass/ectoderm junction, respectively. (k′, l′) Magnified views of k and l, 
respectively.  (m-r) MyoD expression.  [Quantitation: n, n = 6/6; o, n = 19/19.]  (s-w) edd 
expression.  Yellow arrowheads in (w) indicate the intense staining in axial mesoderm.  
[Quantitation: t, n = 9/9; u, n = 18/18.]  (a-o, s-u) Lateral views, anterior left, dorsal upward.  (p-r) 
Magnified dorsal view of (m-o), respectively.  (v, w) Dorsal views.  (B) Histological morphology and 
relative volume of notochord+hypochord and mesodermal tissues in HS and XatvMO1+MO2-induced 
exogastrulae.  (a-d) Hematoxylin/eosin staining of exogastrulae after transverse sectioning (after 
whole mount in situ hybridization for Xlefty/Xatv).  Green dashed lines in (a) and (c) encircle the 
mesoderm area including somite and ventral mesodermal cells.  (b, d) Magnified views of dorsal 
side of (a) and (c), respectively.  Yellow dashed line in (d) indicates the crescent-shaped tissue 
containing elongated cells and nuclei that are indicative of somitic muscle differentiation, which is 
less obvious within somitic mesoderm area in the HS-induced exogastrulae.  (e, f) Comparison of 
the relative volume of hypochord+notochord area (e) and mesodermal area (f) between HS- and 
XatvMO1+MO2-induced exogastrulae. 
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mass (yellow line) in both types of exogastrulae (Fig. 4.6A:a-c).  Similarly, the 
expression of cpl-1 and Xkrox20, markers for the dorsal forebrain and hindbrain, 
respectively (Knecht et al., 1995; Bradley et al., 1993), was detected in the expected 
pattern in the ectodermal part of the exogastrulae (data not shown).  The expression of 
Xotx2 was significantly upregulated in the mesendodermal tip of XatvMO1+MO2-induced 
exogastrulae (white arrowheads; Fig. 4.6A:d-f).  Although Xotx2 is generally known as a 
marker for fore/midbrain at tailbud stage, prior to that it is expressed in the underlying 
prechordal mesendoderm, and is observed in the latter tissue in exogastrulae (Blitz and 
Cho, 1995; Pannese et al., 1995).  I conclude that there was substantial expansion of the 
prechordal mesoderm fate in XatvMO1+MO2-induced exogastrulae.  The increased width and 
intensity of midline expression, and substantial ectopic expression in the anterior 
mesendoderm tip (Fig. 4.6A:g-i, red arrowheads) of Shh, a marker of prechordal plate, 
floor plate and notochord (Ruit i Altaba et al., 1995; Ekker et al., 1995), also supported a 
large expansion of prechordal plate in XatvMO1+MO2-induced exogastrulae.  The midline 
expression of Xlefty/Xatv in normal embryos at these stages (Fig. 4.6A:j) primarily marks 
the neural tube floorplate (blue arrowhead) and hypochord (yellow arrowhead), with 
weaker notochord expression (Cheng et al., 2000).  In HS-exogastrulae (Fig. 4.6A:k,k′), 
the surface location and punctate signal for Xlefty/Xatv in the dorsal mesendodermal mass 
(yellow arrowhead) indicated the formation of hypochordal tissue, and an ectodermal 
Xlefty/Xatv signal was seen at the mesendodermal mass/ectoderm junction (blue 
arrowhead).  Xlefty/Xatv expression in the dorsal mesendodermal mass was greatly 
upregulated and broader in XatvMO1+MO2-induced exogastrulae (Fig. 4.6A:l,l′, recognizable 
as increased hypochordal tissue on the upper surface of the sections in Fig. 4.6B).  The 
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relative area of this (hypochord+notochord) tissue in transverse sections of XatvMO1+MO2-
induced exogastrulae (Fig. 4.6B:a-d) was more than two times larger than in HS-
exogastrulae (Fig. 4.6B:e).   
Similarly, the expression of MyoD, a somitic mesoderm marker (Hopwood et al., 
1989), was elevated and expanded (Fig. 4.6A:m-r).  Quantitation of the total amount of 
mesodermal tissue, including somite and ventral mesoderm, in typical cross-sections 
from multiple embryos showed that it was approximately two-fold greater in XatvMO1+MO2- 
induced exogastrulae compared to HS-induced ones (green dashed lines; Fig. 4.6B:a,c,f).  
In addition, histological analysis showed, within the mesodermal tissue in XatvMO1+MO2- 
induced exogastrulae, a stack of layers of elongated cells with lozenge-shaped nuclei, 
indicative of differentiated somitic muscle (yellow dashed line; Fig. 4.6B:d); this tissue 
demarcation was less obvious in HS-exogastrulae.  This somitic domain was determined 
from the residual MyoD signal on sections of embryos subjected to whole mount in situ 
hybridization.   
Global endoderm formation between the two types of exogastrulae as marked by 
expression of endodermin (edd; Sasai et al., 1996) was similar in the two types of 
exogastrulae, being detected in the entire protruded mesendoderm (Fig. 4.6A:s-w).  The 
XatvMO1+MO2-induced exogastrulae, however, showed broad and strong edd staining in the 
midline, corresponding to the broad Shh-positive domain (yellow arrowheads; Fig. 
4.6A:w).  edd normally marks the developing notochord in late neurula embryos (Sasai et 
al., 1996) and our analysis showed only weak edd expression in the notochord in both 
uninjected embryos and HS-exogastrulae at stage 25 (Fig. 4.6A:s,t,v).  Therefore, it is 
likely that the axial-type edd expression detected in the Xlefty/Xatv-deficient 
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exogastrulae reflects the increased notochord, with the failure to downregulate edd 
expression perhaps reflecting a delayed differentiation process.  Overall, the elevated Xnr 
signaling during gastrulation in Xlefty/Xatv-deficient embryos leads to an increased 
allocation of cells towards prechordal mesoderm, notochord, hypochord and other 
mesoderm fates such as somite and ventral mesoderm at later stages. 
 
Increased range of Xnr signaling induces the expansion of Xbra expression 
In XatvMO1+MO2-injected embryos, the highly upregulated and expanded expression 
of Xnr-responsive genes, such as Xbra and Xlefty/Xatv itself, in the presence of 
intensified but only slightly expanded Xnr1 and Xnr2 expression suggests that Xnr 
ligands are inherently capable of long-range signaling in the very large X. laevis embryo.  
To test this hypothesis, I examined whether the expanded expression territories of the 
Nodal-responsive genes were blocked by inhibitors of Nodal signaling: the secreted Xnr-
specific inhibitor, CerS, which directly binds Xnrs and inhibits signaling non-cell 
autonomously (Piccolo et al., 1999; Agius et al., 2000), and tALK4, a dominant-negative 
type I receptor that cell autonomously inhibits signaling by Nodal, Xnr1, Xnr2, Xnr4 and 
Activin (Reissmann et al., 2001).  XatvMO1+MO2 were injected into 1-cell stage embryos, 
which were then injected at the 32- to 64-cell stage in a single A- or B-tier blastomere 
(Moody, 1987) with CerS or tALK4 RNA mixed with β-galactosidase (β-gal) RNA as 
lineage tracer (Fig. 4.7A).  While the injection of β-gal RNA alone did not suppress the 
ectopic Xbra expression (Fig. 4.7C:a-c; n = 8/8), CerS produced from the labeled clone of 
cells gave rise to a marked patch of non-Xbra-expressing cells (Fig. 4.7C:d-f; n = 9/10).  
Because CerS is secreted, ectopic Xbra expression in XatvMO1+MO2-injected embryos was 
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Fig. 4.7  Evidence for the expansion of Xbra expression by long-range Xnr signaling after 
Xlefty/Xatv knockdown.  (A) Schematic diagram showing experimental procedure.  (B) In situ 
hybridization with Xbra on embryos at St. 10.5.  (a) Uninjected embryo.  (b) XatvMO1+MO2-injected 
embryo.  (c) CerS-injected embryos.  (d) tALK4-injected embryo.  (d′) High magnified view of (d).  
(a-d) Lateral views.  Red-gal staining in (c) and (d) detects the descendents of the cell injected with 
CerS and tALK4, respectively. (C) Xnr-specific inhibitors prevent ectopic Xbra expression in 
Xlefty/Xatv-deficient embryos.  In situ hybridization on embryos at St. 10.5 detects Xbra 
expression, with red-gal staining detecting the descendants of the cell injected with RNA encoding 
the inhibitor.  Injection of β-gal (250 pg) dose not affect on ectopic Xbra expression (a-b′).  CerS 
(500 pg) inhibits ectopic Xbra expression non-cell autonomously (d-e′), whereas tALK4 (500 pg) 
suppresses the ectopic Xbra expression cell autonomously (g-h′).  (c, f, i) Simplified diagrams 
showing the effects on ectopic Xbra expression by β-gal, CerS, and tALK4, respectively.  Red dots 
represent the clone of cells that express β-gal, CerS, and tALK4, respectively.  “⊥” symbols in (f) 
and (i) show inhibition of Xnr signaling non-cell and cell autonomously by CerS and tALK4, 
respectively. (a, e) Animal views.  (b, d, g, h) Lateral views skewed ~45° animal-ward.  (a′, b′, d′, 
e′, g′, h′) Magnified views of the yellow bracketed area of (a), (b), (d), (e), (g), and (h), respectively.  
Green arrowheads in (B) and (C) indicate animal pole. 
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inhibited in cells both within and away from the clone.  When the injected clone was 
distributed to overlap the marginal region, tALK4 effectively blocked the endogenous 
Xbra expression domain in control embryos (Fig. 4.7B:d, d′; n = 7/7).  The cell-
autonomous tALK4 inhibitor blocked ectopic Xbra expression only in lineage-labeled 
cells in XatvMO1+MO2-injected embryos (Fig. 4.7C:g-i; n = 7/8).  These data strongly 
suggest that the expanded Xbra (and other marker) expression in XatvMO1+MO2-injected 
embryos was a direct result of an increased range of Xnr signaling associated with the 
intensified but only slightly expanded Xnr1/2 expression domain.  
Recent studies with overexpression and cleavage mutants of the TGF-β- related 
molecule such as Derrière (Der) have demonstrated transcriptional feedback loops and 
heterodimeric interactions between Xnrs and Der that may regulate mesoderm 
specification and patterning (Sun et al., 1999; Takahashi et al., 2000; Lee et al., 2001; 
Onuma et al., 2002; Eimon and Harland, 2002).  Therefore, how Xlefty/Xatv knockdown 
influences Der expression was examined.  The expression pattern of Der showed no 
noticeable alteration in XatvMO1+MO2-injected embryos at stage 10.5, when Xbra 
expression has already expanded massively animal-wards (Fig. 4.8C; n = 21/26; Fig. 
4.4A:g,j).  At stage 11.5, however, Der expression became significantly expanded into 
the dorsal animal quadrant (Fig. 4.8D; n = 13/17).  Because the expanded Der expression 
occurs after that of Xbra, the reasonable conclusion is that the initial dramatic expansion 
of Xbra expression in Xlefty/Xatv-deficient embryos is highly associated with elevated 
expression of Xnrs and the expansion of Xnr signaling, although there could be some 
interaction with Der (see Discussion).  
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Xlefty/Xatv and Xbra synergistically affect Xnr expression 
The limited expansion of Xnr2 expression in XatvMO1+MO2-injected embryos, in the 
presence of a much broader response of other Xnr-responsive genes, suggested the 
existence of a remaining inhibitory influence blocking the Xnr autoregulatory loop.  Xbra 
and Xnr2 are normally expressed in mutually exclusive domains encircling the marginal 
zone of gastrulation stage embryos (Kumano and Smith, 2000; Eimon and Harland, 
2002).  Kumano et al. (2001) found that overexpressing Xbra reduced Xnr2 expression in 
the ventral marginal region, and that production of a dominant negative Xbra, Xbra-EnR 
(Conlon et al., 1996), expanded Xnr2 expression in the same region.  Because Xbra is a 
transcriptional activator, a simple model for the XatvMO1+MO2-injected embryos is that the 
broad expansion of Xbra results in the induction of a factor that then represses Xnr 
transcription (see Fig. 4.11).  Consistent with this idea, the use of Xbra-EnR to block Xbra 
function in XatvMO1+MO2-injected embryos led to a substantial expansion of the Xnr 
expression territory, much larger than in embryos receiving either Xbra-EnR or 
XatvMO1+MO2 alone.  The injection of Xbra-EnR alone into one blastomere at 4-cell stage 
normal embryos (Fig. 4.9A; without MO injection) prevented endogenous Xbra 
expression in both superficial and deep cells (Fig. 4.9C; n = 11/11; Fig. 4.10B, B′, G, G′; 
data not shown), and produced a slight animal-ward expansion of superficial Xnr2 
expression during gastrulation (Fig. 4.9E, E′; n = 15/16; Fig. 4.10D, D′, I, I′; also see 
Kumano et al., 2001).  Notably, the intensity of the Xnr2 signal in the expanded Xnr2 
expression domain was increased in the β-gal-marked Xbra-EnR-expressing cells 
compared to uninjected or XatvMO1+MO2-injected embryos (Fig. 4.9B, D-E′).  This 
difference was more evident when the intensity of Xnr2 expression was compared 
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Fig. 4.8  In situ hybridization with Der in XatvMO1+MO2-injected embryos.  (A, B) uninjected and 
(C, D) XatvMO1+MO2-injected embryos (30 ng each at 1-cell stage).  Der expression in MO1/2-
injected embryos is similar to that in uninjected ones at St. 10.5 but is highly expanded animally at 
St. 11.5.  Dorsal views, with (D) angled downward slightly to visualize the animal-ward extent of 
Der signal.
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without labeling the injected clone by β-gal expression, in which case Xnr2 expression 
was detected as a punctate perinuclear signal (Fig. 4.10A, A′, C-D′, F, F′, H-I′).  
Production of Xbra-EnR in XatvMO1+MO2-injected embryos expanded the region that 
showed this higher signal intensity even farther animal-ward during gastrulation (Fig. 
4.9F, F′; n = 28/31; Fig. 4.10E, E′, J, J′).  Some embryos receiving Xbra-EnR RNA, with 
or without previous XatvMO1+MO2 injection, showed strong Xnr2 expression in cells 
laterally adjacent to β-gal-marked cells (data not shown).  This non-cell autonomous 
effect plausibly arises via increased Xnr secretion from Xbra-EnR-producing cells leading 
to the stimulation of Xnr expression in those adjacent cells.   
An interesting observation here, however, was that despite the ability of the Xbra-
EnR to work in deep and superficial cells as described above, the expanded Xnr2 
expression in all cases remained in the superficial cell layer, which is the same layer 
selectivity as shown by normal endogenous Xnr2 expression (Fig. 4.9D′, E′. F′; Jones et 
al., 1995; Eimon and Harland, 2002).  Collectively, these data suggest that Xbra 
expression acts as a potent strong indirect transcriptional influence on Xnr autoregulation, 
effectively blocking the expansion of Xnr transcription, but not the spreading of Xnr 
signals, in Xlefty/Xatv-deficient embryos.  Xbra and Xlefty/Xatv therefore synergistically 
regulate Xnr autoregulation at the transcriptional and extracellular levels, respectively 
(Fig. 4.11). 
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Fig. 4.9  Xlefty/Xatv and Xbra synergistically restrict the Xnr expression domain.  (A) 
Schematic diagram showing experimental procedure. Xbra-EnR RNA (1 ng) was injected ~45° 
above the equator into one blastomere of 4-cell stage embryos that previously received 30 ng each 
of (XatvMO1 + XatvMO2) at the 1-cell stage.  β-gal RNA (400 pg) was coinjected with Xbra-EnR RNA 
as lineage tracer.  Xnr2 and Xbra expression was analyzed by in situ hybridization at St. 10.5 after 
red-gal staining.  (B) Xnr2 expression, uninjected embryo.  Red-gal staining indicates descendants 
of the β-gal-injected cell.  (C) Xbra expression, Xbra-EnR RNA-injected embryo.  (D) Xnr2 
expression, XatvMO1+MO2-injected embryo.  (E) Xnr2 expression, Xbra-EnR RNA-injected embryo.  
(F) Xnr2 expression, XatvMO1+MO2 and Xbra-EnR RNA-injected embryo.  (D′, E′, F′) Embryos 
bisected through the center of the Xnr2 expression domain along animal-vegetal axis (from D, E 
and F).  Green arrowheads, dorsal lip; blue arrowheads, anterior/animal boundary of Xnr2 
expression; yellow arrowheads in (B), (D), (E), (F) – approximate animal limit of Xnr2 expression 
domain.  Note that Xnr2 expression remains in the superficial layer.  Black print: injection or 
uninjection of XatvMO1+MO2 (MO1/2); red print: reagents coinjected with the β-gal lineage tracer, 
except (B); blue print: probes used for in situ hybridization
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Fig. 4.10  Synergistic regulation of Xnr expression by Xlefty/Xatv and Xbra during 
gastrulation.  The experimental method is the same as that in Fig. 4.9A.  To show more clearly 
the increased Xnr2 signal intensity caused by Xbra-EnR in the background of reduced Xlefty/Xatv 
function, the β-gal RNA injection and red-gal staining were omitted.  Expression of Xnr2 and Xbra 
was analyzed by in situ hybridization at St. 10. 5 (A-E) and St. 11.5 (F-J).  (A, C, D, E) Xnr2 
expression at St. 10.5 after injecting the reagent combinations shown in black on the left side of the 
panels.  All dorsal views, except (A) vegetal view, dorsal to the top.  (B) Xbra expression at St. 10.5 
after injecting Xbra-EnR.  Dorsal view.  (A′-E′) Magnified views of bracketed areas in A-E, 
respectively.  [Quantitation: A, n = 18/20; B, n = 12/12; C, n = 20/20; D, n = 23/23; E, n = 21/22]  (F, 
H, I, J) Xnr2 expression at St. 11.5 after injecting reagent combinations in black.  Dorsal views, 
tilted upward.  (G) Xbra expression, St. 11.5, after injecting Xbra-EnR.  Vegetal view.  (F′-J′) 
Magnified views of bracketed areas in F-J, respectively.  [Quantitation: F, n = 19/19; G, n = 10/10; 
H, n = 19/19; I, n = 24/24; J, n = 27/31]  Red arrowheads: animal limit of visible Xnr2 signal.  The 
increased intensity of Xnr2 signal (punctate perinuclear staining) and the expanded expression 
domain of Xnr2 in Xbra-EnR-injected embryos indicate that Xbra affects Xnr autoregulation at the 
transcriptional level (D, D′, E, E′).  Xnr2 expression was expanded farther in MO1/MO2+Xbra-EnR-
injected embryos with more elevated signal intensity than in the other conditions, demonstrating 
the multiple influences on Xnr expression by Xlefty/Xatv and Xbra (E, E′, J, J′).  Note: The 
apparently minor effect on Xnr2 expansion between the MO1/MO2+Xbra-EnR-injected condition 
compared to the MO1/MO2-injected condition (D and E, this figure), as compared to the greater 
expansion caused by Xbra-EnR in Fig. 4.9F may be caused by embryo batch-to-batch variation in 
response, which may be more noticeable during the dynamic mid-gastrula stage of patterning 
where the inputs on Xnr expression begin to have the most dramatic effects.  In addition, the 
embryo represented in (E) may be slightly earlier than the one shown in Fig. 4.9F; analysis of later 
stage 11.5 embryos (F-J) clearly shows a much greater effect on intensity and domain of Xnr2 
expression at this stage (compare panels H and I to panel J). 
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Discussion 
The results from this chapter support the evidence that the expression and range 
of action of Xnr in the Xenopus embryo is tightly regulated by Xlefty/Xatv-mediated 
blocking of the Xnr autoregulatory loop, and go further in showing that the transient and 
restricted nature of Xnr expression is assured by indirect Xbra-mediated transcriptional 
repression.  These data are integrated into a model shown in Fig. 4.11. In normal early 
gastrula embryos (Fig. 4.11A), Xnr2 expression is tightly restricted to the superficial 
layer of the dorsal lip (indentation), with Xnr-Xnr autoregulation maintaining this 
territory.  Xnr2 restriction is accomplished by both Xlefty/Xatv and Xbra, activated by 
Xnr signaling diffusing from the Xnr2 expression domain.  Primarily, Xlefty/Xatv 
inhibits Xnr expression non-cell autonomously.  Xnr diffusing from producing cells 
activates expression of Xbra (purple) in both deep and superficial layers, providing an 
indirect repressive influence.  Since Xbra is a transcriptional activator, an unknown 
“Factor X” may inhibit Xnr autoregulation, leading to the fixing of mutually exclusive 
expression domains for Xnr2 and Xbra.  Knockdown of Xlefty/Xatv function using 
XatvMO1+MO2 allows limited expansion of Xnr2 expression, but elevated Xnr signaling 
range causes the massive expansion of Xlefty/Xatv and Xbra expression (Fig. 4.11B).  
Xnr2 expression is still restricted by the increased Xbra-mediated indirect suppression.  
Interfering with both Xlefty/Xatv and Xbra allows expansion of Xnr2 expression farther 
from the dorsal lip compared to either knockdown of Xlefty/Xatv or blocking Xbra 
function alone (Fig. 4.11C).  Even in this condition, Xnr2 expression occurs only in the 
superficial layer. 
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Fig. 4.11  Model of synergistic Xatv/Xlefty and Xbra-mediated restriction of Xnr expression 
during gastrulation.  Schematic diagrams represent dorsal midline-bisected stage 10.5 early 
gastrulae, showing internal expression domains of Xnr2 (red), Xlefty/Xatv (green), and Xbra 
(purple) in embryos that are (A) normal uninjected, (B) Xatv/Xlefty MO1/MO2-coinjected, or (C) 
MO1/MO2 coinjected with Xbra-EnR.  Please note: increased line weight of arrows indicates 
elevated Xnr signaling, and increasing color intensity from light to dark red indicates increasing 
Xnr2 expression intensity.  In normal embryos, Xnr2 expression is tightly restricted to the 
superficial layer of the dorsal lip (indentation), with Xnr-Xnr autoregulation maintaining this territory.  
Xnr2 restriction is accomplished by both Xlefty/Xatv and Xbra, activated by Xnr signaling diffusing 
from the Xnr2 expression domain.  Primarily, Xlefty/Xatv inhibits Xnr expression non-cell 
autonomously.  Xnr diffusing from producing cells activates expression of Xbra (purple) in both 
deep and superficial layers, which is stronger and earlier in the deep marginal zone compared to 
the superficial layer (see text).  Rapid activation of Xbra provides an indirect repressive influence 
(Xbra is a transcriptional activator), implying that an unknown “Factor X” inhibits Xnr autoregulation, 
leading to the fixing of mutually exclusive expression domains for Xnr2 and Xbra.  Knockdown of 
Xlefty/Xatv function using Xatv/Xlefty MO1+MO2 allows limited expansion of Xnr2 expression, but 
elevated Xnr signaling range causes the massive expansion of Xlefty/Xatv and Xbra expression.  
Xnr2 expression is still restricted by the increased Xbra-mediated indirect suppression.  Interfering 
with both Xlefty/Xatv and Xbra allows expansion of Xnr2 expression farther from the dorsal lip 
compared to either knockdown of Xlefty/Xatv or blocking Xbra function alone.  Even in this 
condition, Xnr2 expression occurs only in the superficial layer. 
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Such a huge expansion was not appreciated from the previous publications on 
Xlefty/Xatv interference, and likely reflects our concurrent targeting of both Xlefty/Xatv 
alloalleles via splicing and translation-blocking MOs, as discussed in Chapter III.  
Interestingly, the specific competence of the superficial layer to activate Xnr transcription 
was found both in normal embryos and in those in which the function of both Xlefty/Xatv 
and Xbra was reduced.  These findings extend significantly the previous findings on the 
knockdown of Xlefty/Xatv function in Xenopus, and increase our appreciation of the 
interaction and potency of extracellular Xlefty/Xatv and intracellular Xbra as regulators 
of Xnr induction during fate specification in Xenopus.  At a general level, these results 
emphasize the degree to which, in all vertebrate embryos, the Nodal signaling pathway is 
under several layers of restrictive influence in order to limit its range in embryonic tissue, 
which can otherwise induce fate alterations very far from the ligand source.   
What is the implication of Xnr signaling via Xnr autoregulatory loop and multiple 
negative feedback regulations such as Xlefty/Xatv and Xbra in early embryogenesis?  
The answer for this question seems to be associated with developmental precision, which 
requires the spatiotemporally regulated expression pattern of genes involved in germ 
layer specification and cell type specific differentiation within them.  According to the 
careful gene expression analysis with normal embryos at single cell level, individual cells 
within a specific region were found to co-express markers of more than one germ layer 
and some cells, called ‘rogue cells’, expressed a marker outside its expected/established 
domain during the early gastrula stage (Wardle and Smith, 2004).  However, by the late 
gastrula stage, these discrepancies had been resolved, such that germ layer markers were 
now properly exclusive of each other, and ‘rogue cells’ were no longer apparent (whether 
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they died or corrected their gene expression program was not determined).  Therefore, 
these data confirmed the previous idea that cells of the early Xenopus gastrula become 
progressively and asynchronously committed to a specific germ layer (Godsave and 
Slack, 1991; Heasman et al., 1984; Snape et al., 1987; Wylie et al., 1987; Koto and 
Gurdon, 1993; Domingo and Keller, 2000).  Furthermore, the characteristic dose-
dependent response of normal cells caused by exposure of ectodermal cells to Activin 
(Wardle and Smith, 2004) involves a period in which, for example, Xbra and Gsc are 
expressed in the same cells 2 or 3 hours after Activin treatment, but become separated to 
independent cell populations a short time thereafter.  In this viewpoint, Xnr signaling and 
its negative feedback regulations could explain a mechanism by which precise refinement 
of gene expression pattern and germ layer specification are achieved during gastrulation.  
The relatively high level of Xnr signal arising from the Xnr autoregulatory loop and weak 
Xlefty/Xatv feedback regulation at early gastrulation probably induces the expression of 
several markers, such as Xbra and Gsc, in the same cells of domains in marginal zone.  
However, progressive suppression of Xnr expression and signaling by both Xlefty/Xatv 
and Xbra perhaps restricts the overall “functional level” of Xnr signaling during 
gastrulation.  Indeed, under the conditions in which dispersed animal cap cells are 
exposed to different concentrations of Activin protein, the expression of Gsc and Xbra is 
sharply distinguished by as narrow as ~1.5-fold different protein concentration (Green 
and Smith, 1990; Green et al., 1992).  Therefore, this ‘self-buffering’ mechanism allows 
cells to be adjusted (or “ratcheted”) to multiple levels of Xnr input, and to smoothly 
respond to a tight dose window of Xnr protein.  Whereas some cells continuously 
exposed to relatively high Xnr input maintain expression of Gsc but not Xbra, other cells 
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stimulated by slightly low Xnr signal retain only Xbra expression during gastrula stages.  
Overall, the various dose thresholds of Xnr signaling generated by the multiple feedback 
regulations of Xnr signaling contributes to the more precise refinement of cell fate 
specification via proper spatiotemporal proofreading of gene expression during 
gastrulation. 
 
Xlefty/Xatv and the strength and duration of Xnr signaling during gastrulation 
The analysis of Xlefty/Xatv-deficient embryos over several blastula/gastrula 
stages (Fig. 3.6; Fig. 4.1C) suggests a difference in the timing of negative feedback 
regulation by Lefty/Antivin on Nodal signaling between zebrafish and Xenopus embryos.  
In zebrafish, the upregulated and expanded expression of the Xbra homolog ntl was 
already present during blastula stages (Agathon et al., 2001; Chen and Schier, 2002).  In 
Xenopus, in contrast, Xbra and Xlefty/Xatv expression only became significantly different 
between control and XatvMO1+MO2-injected embryos during mid-gastrula stage, concurrent 
with the dysregulation in Xnr expression and the beginning of morphological defects 
(Fig. 3.6; Fig. 4.1C; Fig. 4.4A).  Related to this observation, there are differences in 
normal frog and fish embryos in the spatiotemporal expression of Lefty/antivin 
expression.  In zebrafish, lefty/antivin expression already encircles the margin during 
blastula stages (Thisse and Thisse, 1999; Bisgrove et al., 1999), while, in Xenopus, 
marginal zone Xlefty/Xatv expression is first robustly detected just at or prior to the onset 
of gastrulation (Cheng et al., 2000; Tanegashima et al., 2000).  Recently, maternal sqt 
was found to localize from yolk to the future dorsal blastomeres at 4-cell stage in a 
microtubule-dependent process in zebrafish embryos (Gore et al., 2002; 2005).  Together 
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with the dorsally localized β-catenin stabilization, the translocation of sqt could provide 
very high dose of Nodal signaling in the dorsal side, resulting in activation of antivin 
expression and subsequent high level of Antivin protein from onset of blastula stage in 
zebrafish embryos.  Therefore, it is possible that Antivin plays a role during blastula stage 
as well as gastrula stage in zebrafish embryos.  While the relevance of this temporal 
difference to the mechanisms of embryonic patterning in each species is not known, a 
conserved feature in both fish and frog embryos is that Lefty/Antivin-mediated negative 
feedback is essential during gastrulation for determining the appropriate level of Nodal 
signaling associated with cell fate specification and the differentiation of mesendodermal 
tissues at late embryogenesis (Fig. 4.6; Agathon et al., 2001).  
 
Xlefty/Xatv and the range of Xnr signaling during gastrulation 
Reduced Xlefty/Xatv function greatly expands the expression during gastrulation 
of markers of the organizer (Gsc, Chd, ADMP, Cer), mesoderm (Xbra, Xwnt8), and 
endoderm (Mixer, XSox17α), as well as that of Xlefty/Xatv itself (Fig. 4.3-4.5).  
Collectively, these results are consistent with the idea from the previous Xlefty/Xatv 
knockdown studies that germ layer specification and patterning requires careful 
modulation of the extent of Xnr signaling.  In normal embryos, Xnr signaling could occur 
via direct diffusion/transport of the ligand through embryonic tissue, although previous 
evidence argues both for and against Xnrs being long-range signals (Jones et al., 1996; 
White et al., 2000; Williams et al., 2004), or depend upon Xnr-Xnr autoactivation.  The 
observation that Xnr1 and Xnr2 expression remains localized to the marginal zone, 
together with gross animal-ward expanded expression of target genes in Xlefty/Xatv-
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knockdown situations, is consistent with induction by long-range ligand signaling, as 
proposed for Sqt in zebrafish and Xnr2 in Xenopus (Chen and Schier, 2001; Williams et 
al., 2004).  That the target genes are induced as a direct result of increased Xnr signaling 
is supported by the ability of the cell non-autonomous CerS and cell autonomous tALK4 
Xnr-inhibitors to block the ectopic Xbra expression induced by XatvMO1+MO2-injection 
(Fig. 4.7C).  For both inhibitors, the Xbra expression detected outside the lineage-labeled 
(inhibitor-expressing) clone and on the side farthest away from the marginal Xnr2 
expression domain (Fig. 4.7C:d-i) fit with the concept that Xnr signaling is a very long-
range influence in this large embryo.  As compared to the direct diffusion of Xnr1 and 
Xnr2 from the equatorial region, it is also possible that a significant contribution towards 
the overall response of the embryo comes from the increased expression of the other 
mesoderm-inducing Xnrs, such as Xnr4, which is expressed in axial mesodermal tissue 
(Fig. 4.1C; Joseph and Melton, 1997).  
In addition, intensive marker analysis suggests that Xlefty/Xatv also regulates 
short-range signaling of Xnr.  First, the expression of Xnr1 and Xnr2 was increased in 
both endogenous expression domain and the area proximal to the endogenous domain 
(Fig. 4.1).  This expression pattern indicates local Xnr signaling to induce Xnr expression 
via Xnr autoregulatory loop.  Second, this increased short-range Xnr signal in 
Xlefty/Xatv-deficient embryos strongly upregulates the expression of several downstream 
genes such as Xlefty/Xatv, Gsc, Chd, Xwnt8, and XSox17α in the domain close to the 
increased Xnr expression territory at St. 10.5, a stage when the expression of these genes 
was not massively expanded in Xlefty/Xatv-deficient embryos (Fig. 3.6; Fig. 4.2; Fig. 
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4.3A,B; Fig. 4.4B; Fig. 4.5A).  Overall, these date indicate that Xlefty/Xatv regulates 
both short- and long-range activity of Xnr signaling during gastrulation.  
 
Der and long-range signaling by Xnrs 
Because mesendodermal specification and patterning involve an integrated 
response to many different signals, including Xnrs, Der, Wnts, BMPs – all having 
overlapping, dynamic, and interdependent spatiotemporal expression and functional 
characteristics that are still far from well understood – it is difficult to define how much 
the transcriptional response within embryonic tissues to reduced Xlefty/Xatv function is 
attributable only to specific inducers, i.e., the Nodal-related factors, or to which ones 
within this family.  In other words, a key issue in these and other studies (Agius et al., 
2000; Lee et al., 2001; Eimon and Harland, 2002; Howell et al., 2002) is how much the 
expanded expression of Xbra and additional Xnr target genes reflects increased Xnr 
signaling alone, or incorporates effects from inducers such as Der, which has a delayed 
but substantial expansion in XatvMO1+MO2-injected embryos (Fig. 4.8).  Der may be 
particularly relevant here.  It has been suggested to act as a relay inducer that maintains 
mesendoderm induction during late gastrulation/tailbud stages, principally to produce the 
posterior mesendoderm (Sun et al., 1999; White et al., 2002).  Significant cross-activation 
between Xnrs and Der in overexpression assays (Takahashi et al., 2000; Lee et al., 2001; 
Onuma et al., 2002; Eimon and Harland, 2002), and the possibility of promiscuous ligand 
interactions (e.g., Osada and Wright, 1999; Yeo and Whitman, 2001; Eimon and Harland 
2002) complicate the dissection of inductive events from Xnr and Der in normal and 
Xlefty/Xatv knockdown situations.  It is possible, for example, that the primary 
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functional inducer in vivo is an Xnr-Der heterodimer, although it is also possible that 
such dimers only form in the overexpression assays used so far.  
An additional issue is the true specificity of CerS, which is currently thought to be 
Xnr-specific, but has been shown to inhibit the induction of Der, Xbra and Xnr1 
expression by exogenous Der in animal cap assays (Eimon and Harland, 2002).  The 
potential for significant cross-induction, however, makes it plausible that CerS is in fact 
an Xnr-specific inhibitor that does not physically interact with Der.  We currently 
consider the early-expanded expression of target genes such as Xbra, Xlefty/Xatv, Xwnt8, 
and several organizer markers, to represent a response to signaling from Xnr and not Der.  
We base this conclusion upon: (1) Xnr and Der activate the formation of distinct 
transcriptional regulatory complexes, Fast1-containing ARF1 or Fast3-containing ARF2, 
respectively, at early and late gastrula stages.  ARF1 and ARF2 have been independently 
linked to the different timing with which maximal Smad2 phosphorylation is induced by 
overexpressed Xnr (stage 9) or Der (stage 10-10.5: Lee et al., 2001; Howell et al., 2002). 
(2) Overexpression of Xnr1 or Xnr2 inhibits expression of Fast3, which normally begins 
during gastrulation (stage 10.25-11; Howell et al., 2002).  The latter finding implies that 
extending the activity profile of Xnr signaling after Xlefty/Xatv knock-down could shift 
Fast3 expression even later, to mid-gastrulation, thereby minimizing the involvement of 
Der/ARF2 transcriptional responses in the early stage expansion of the mesendodermal 
territories.  The Xnr-Der heterodimerization mentioned above, however, opens the 
possibility that Der may contribute to the expanded expression of Xbra and other markers 
in Xlefty/Xatv-deficient embryos, even at St 10.5 when its expression level is similar to 
that in normal embryos (Fig. 4.8).  But still, it is completely unclear if Xnr-Der 
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heterodimerized ligand can travel more further away from the producing source, 
compared to homodimerized ligand.  In addition, the Xnr-Der cross-inductive interactions 
raise the interesting question of why the apparently greatly increased Xnr signaling in 
Xlefty/Xatv-deficient embryos only increases Der expression during relatively late 
gastrulation stages, and why Der expression becomes broader only dorsally.  More work 
is required to understand the interdependence of Xnr and Der expression and function in 
patterning.  Nonetheless, the simplest inference is that the widespread ectopic expression 
of Xbra and other markers in early stage XatvMO1+MO2-injected embryos is highly 
associated with an increased range of Xnr signaling, with maintenance of the ectopic 
gene expression domains and effects on tissue differentiation seen in later stage embryos 
resulting from cooperative induction by Xnrs and Der, whether they operate as 
homodimers or heterodimers. 
 
Xlefty/Xatv regulates morphogenesis indirectly 
Previous studies in zebrafish and mice showed that Lefty/antivin-deficiency 
enlarges the internalized mesendoderm area in gastrula stage embryos (Meno et al., 1999; 
Feldman et al., 2002).  Study in zebrafish gastrulae suggested that an extended period of 
rapid cell movement results in excessive deep-cell internalization, which expands the 
germ ring and hypoblast in Lefty-deficient embryos (Feldman et al., 2002).  The situation 
in Xenopus Xlefty/Xatv-deficient embryos seems somewhat different.  The high level of 
Xnr signaling leads to substantial dorsalization and a failure to demarcate the future 
anterior-posterior zones properly with respect to each other, a situation incompatible with 
the production of concerted morphogenetic movements as defined by Ninomiya et al. 
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2004 (discussed in more detail below).  In agreement with the data in Keller-type explant 
assays shown by Branford and Yost (2002), these defects lead to abrogated involution, 
mis-located convergence movements (Fig. 4.2; Fig. 4.3A-C), failure of blastopore 
closure, and exogastrulation (Fig. 3.7A, B).  While my results basically agree with 
Branford and Yost (2002), there are significant differences between my embryos and 
theirs, which are perhaps also related to the greater reduction of Xlefty/Xatv function in 
this study.  For example, rather than remaining as distinct adjacent domains, data showed 
extensive overlap of the expanded organizer (expressing Gsc, Chd, ADMP) and 
mesendoderm territories (both dorsal- and ventral-type; Fig. 4.3A-C; Fig. 4.4A).  The 
formation of a dorsal blastopore lip and subsequent blastopore groove in XatvMO1+MO2-
injected embryos implies the normal occurrence of the early gastrula-stage vegetal 
rotation that leads up to the first dorsal-side cell involutions (Winklbauer and Schürfeld, 
1999).  Normally, convergence forces in the marginal zone produce hoop stress around 
the blastopore that progressively closes the blastopore ventral-wards (Keller et al., 2000).  
Therefore, the failure to close the blastopore in XatvMO1+MO2-injected embryos is probably 
directly related to the reduced cellular convergence in the marginal zone, associated with 
the long-lived, widespread, and overlapping expression domains of organizer markers. 
Future work will address the detailed molecular and cell biological links between 
the large-scale repatterning of Xlefty/Xatv-deficient embryos and the misplaced 
convergence and extension movements. Xwnt11, the well-known regulator of the 
Wnt/planar cell polarity (Wnt/PCP) signaling pathway that is involved in convergence 
and extension, is a downstream target of Xbra (Heisenberg et al., 2000; Tada and Smith, 
2000).  Upregulated and shifted Xwnt11 activity in XatvMO1+MO2-injected embryos could 
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underlie the relocated morphogenetic movements if a broad supraphysiological level, 
rather than a normally graded amount, of Xwnt11 signaling in the marginal zone 
interferes with the generation of the vectorial information that underlies intercalatory 
tissue movements.  
Linked to the latter concept is the idea that tissue movements caused by Wnt/PCP 
signaling are initiated in the vicinity of juxtaposed Chd and Xbra expression domains.  
Ninomiya et al. (2004) showed that convergent extension was initiated between 
conjugated animal caps that were previously treated separately with high or low activin 
doses.  It also occurred in cell aggregates that had received a non-uniform activin signal 
(“graded explants”), in which counter-gradients of Chd and Xbra expression were 
established.  In contrast, uniformly activin-treated explants with homogeneous Chd and 
Xbra expression did not undergo convergence and extension-based elongation.  The latter 
condition mimics the overlapping Chd/Xbra expression at the dorsal marginal region of 
gastrulation-stage Xlefty/Xatv-deficient embryos (Fig. 4.3B; Fig. 4.4A).  The ideas of 
Ninomiya et al. (2004) allow an elaboration of the explanation offered by Branford and 
Yost (2002) for the exogastrulation of XatvMO1+MO2-injected embryos: animal-ward 
relocation of the Chd-Xbra countergradient in Xlefty/Xatv knockdown embryos causes 
convergence extension movements to begin ectopically far above the dorsal marginal 
zone.  It is, therefore, plausible that the hoop stress produced by convergence forces in 
the relocated area where new Chd-Xbra countergradient is formed may push 
mesendoderm outward during gastrulation, resulting in complete separation of it from 
ectoderm at later stage. 
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Superficial vs. deep induction of Xnr2 expression: role of Xbra suppression 
Even when the inhibitory effects of Xlefty/Xatv and Xbra activity were blocked, 
the expanded Xnr2 expression remained in the most superficial cell layer – the same layer 
specificity seen in normal embryos (Fig. 4.9D′, E′, F′; Jones et al., 1995; Eimon and 
Harland, 2002).  This layer-specific induction of Xnr2 expression is also obtained in 
animal caps that overexpress Xnr5 (Shuji Takahashi, personal communication), 
indicating a surprising level of control over the competence of the superficial vs. deep 
cells to respond to Nodal signaling.  This observation is remarkable with respect to the 
traditional view of bilayered animal cap explants as comprising an inner sensorial 
responsive layer and an outer cell layer that is refractory to induction.  The strict 
differential responsiveness have also been observed for Xnr3, which is primarily induced 
by Wnt signaling (McKendry et al., 1997; Hansen et al., 1997; Kofron et al., 2004) and is 
also expressed in the superficial layer (Smith et al., 1995).  Like Xnr2 expression, the 
ectopic expression of Xnr3, induced by Wnt or β-catenin injection, is still restricted to the 
superficial layer cells in the animal cap (Mckendry et al., 1997).  That the expansion of 
expression in Xlefty/Xatv-deficient embryos of the endodermal marker Xsox17α occurs 
within the superficial (endoderm-fated) layer of the dorsal marginal zone (Fig 4.10H, H′) 
may be linked to the observation that the endodermal fate is specified by the highest 
levels of Nodal signaling, with these levels being reached in the cell layer expressing 
both Xnr1 and Xnr2. 
There are two not necessarily mutually exclusive possibilities by which Xbra 
indirectly inhibits Xnr2 transcription, and helps to restrict Xnr2 expression to a narrow 
band of the superficial marginal zone.  Both Xnr1 and Xnr2 are expressed in the 
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blastopore-proximal region of the involuting marginal zone, supporting the notion of a 
primary role in inducing the formation of the head and/or anterior trunk.  The narrowing 
of the marginal territory of Xnr1/Xnr2 expression at mid-gastrula compared to preceding 
stages (Jones et al., 1995; Eimon and Harland, 2002) likely reflects the beginning of the 
involution of the blastopore lip-proximal superficial layer.  The broad equatorial band of 
Xbra expression, which results from early-stage Xnr signaling (Agius et al. 2000), is 
separated from the blastopore lip by a gap equivalent to the width of the Xnr2 expression 
domain (Kumano and Smith, 2000; Eimon and Harland, 2002).  Xbra expression is strong 
in deep cells and much weaker in the superficial (future endoderm) layer.  At the early 
gastrula stage, the Xbra-expressing cells approach the blastopore lip, and its expression 
level in the deep and superficial layers becomes more similar during mid-gastrulation 
(Vodicka and Gerhart, 1995; Eimon and Harland, 2002).  Based on this architecture, 
Xbra could induce a suppressive signal from the deep cells that acts non-autonomously to 
inhibit Xnr2 transcription within the adjacent superficial layer.  In addition, Xbra 
produced in the prospective endoderm, perhaps more effectively when its expression 
becomes increased in this layer, could induce a cell-autonomous suppressor.  The failure 
to spread Xnr2 expression inward to the deep marginal zone cells, while expanding 
significantly animal-ward, even when Xbra function is blocked in Xlefty/Xatv-deficient 
embryos, underscores the potential importance of the distinctive competence of the 
superficial layer to activate Xnr2 expression.  Other inducers, such as Der, which is 
expressed in deeper cells overlapping with Xbra expression, are not affected by these 
suppressive influences.  In this study, I could not provide compelling evidence that Xbra-
mediated transcriptional suppression affects on the expression of Xnr1 in the Xbra 
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expression domain because of an unclear Xnr1 signal from in situ experiments (Xnr1 is 
difficult to detect by this method in all gastrula stages, for unknown reasons, despite its 
level being similar to that of Xnr2 by PCR assays).  The restricted Xnr1 expression in 
Xlefty/Xatv-deficient embryos, however, suggests that the suppression of Xnr1 spreading 
could be also mediated by Xbra.  In addition, unlike Der overexpression situation in 
which Der induces Xnr1 expression (Eimon and Harland, 2002), endogenous Xnr1 
expression is not detected in Der expressing territory overlapped with Xbra expression 
domain.  This could be explained by Xbra-mediated suppression of Xnr1 expression at 
the transcriptional level in Xbra-expression domain or by very ineffective induction 
activity of endogenous Der for Xnr1 expression.
 115 
CHAPTER V 
 
IDENTIFICATION OF NEW MOLECULES INVOLVED IN THE SPECIFICATION 
OF LEFT-RIGHT PATTERNING 
 
 
Introduction 
The Nodal signaling pathway described in the previous chapter has also been 
associated with the specification of left-right (L-R) asymmetry (reviewed in Wright, 
2001; Hamada et al., 2002; Levin, 2004).  The conserved unilateral expression of Nodal 
in the left lateral plate mesoderm (LPM) during post-gastrula stage has been proposed to 
determine left-sidedness, which is, indeed, highly linked to the asymmetry of internal 
organ formation such as heart and gut.  For example, ectopic expression of Xnr1 to the 
right side of Xenopus embryos and hypomorphic Nodal mutant in mouse embryos gave 
rise to a reversed laterality of both the heart and gut, and visceral situs defects (Sampath 
et al 1997; Lowe et al., 2001; Norris et al., 2002).  During L-R specification process, 
Nodal signaling induces its downstream target genes such as Lefty2, a negative feedback 
regulator of Nodal signaling, and Pitx2, a mediator of Nodal signaling for leftness of 
organ morphogenesis, as well as Nodal itself on the left LPM in FAST/FoxH1-dependent 
manner (reviewed in Hamada et al., 2002).  Therefore, the regulatory loop between Nodal 
and the Lefty/antivin is also essential for regulating propagation and duration of Nodal 
signal on the left LPM.  Indeed, in Lefty2-deficient mouse embryos, the expression of 
Nodal and its downstream target Pitx2 is increased and sustained in the lateral tissues, 
resulting in situs defects (Meno et al., 2001).  
 116 
The transient Nodal signaling cascade in the left LPM has been considered as a 
conserved convergence point, towards which there are diverse mechanisms and timings 
of asymmetry initiation among the various vertebrates.  Identification of many of the 
genes in the Nodal signaling cascade, however, has been accomplished by studies in 
other experimental settings, rather than focusing on L-R asymmetric patterning.  
Originally, for example, the Nodal gene was isolated from the proviral insertional mutant 
phenotype, and was developed as an essential molecule for mesoderm formation and 
subsequent organization of axial structure in early mouse development (Zhou et al., 
1993).  The asymmetric expression and the relevance of L-R morphogenesis of Nodal 
signaling was discovered by careful expression analysis of cNR-1, a chick homolog of 
mouse Nodal (Levin et al., 1995), and subsequent studies of mouse Nodal and Xenopus 
Xnr1 expression after gastrula stage (Collignon et al., 1996; Lowe et al., 1996).  
Similarly, Lefty was found first as an undifferentiated cell-specific cDNA from a 
molecular screening approach applied to the differentiation of embryonal carcinoma cells 
(Meno et al., 1996).  The current pathway only has a few components in it, and does not 
explain the program of L-R asymmetric morphogenesis completely.  Therefore, more 
focused studies on L-R asymmetric patterning will likely identify additional molecules 
involved in L-R development, and increase the resolution of the blueprint controlling L-R 
specification and morphogenesis.  These molecules could be the downstream targets of 
Nodal signaling, completely/somewhat independent of Nodal signaling, and/or specific 
player(s) for “Rightness”, as opposed to the “Leftness” imposed by Nodal signaling.   
The development of high-throughput approaches such as DNA microarrays has 
provided valuable opportunities to understand several biological responses globally by 
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analyzing mRNA expression profile of a large number of genes simultaneously as 
opposed to examining one or only a few at a time (Schena et al., 1996).  In addition to the 
concurrent analysis of many thousands of genes, a microarray-based approach is an 
unbiased and rapid screening method to identify candidate molecules that show different 
expression profiling between compared biological samples such as tissues that are 
collected from different developmental time or that respond to different factors.  
Recently, DNA microarray has been used to study embryogenesis of several model 
organisms, including C. elegans (Hill et al., 2000), Drosophila (White et al., 1999; 
Furlong et al., 2001; Arbeitman et al., 2002), zebrafish (Lo et al., 2003) and mouse (Miki 
et al., 2001; Mody et al., 2001).  Among vertebrates, Xenopus is considered highly 
suitable for microarray analysis.  A large quantity of RNA can easily be collected from 
whole embryos from all stages, parts of embryos by microsurgery, or embryos 
manipulated by mRNA injection or drug treatment, which provides large sets of 
experimental samples required for a meaningful statistical analysis in microarray-based 
analysis.  After the applicability of this method to Xenopus system has been demonstrated 
with a prototype Xenopus laevis microarray chip (Altmann et al., 2001), microarrays have 
been used for the identification of developmental control genes in Xenopus (Munoz-
Sanjuan et al., 2002; Bell et al., 2003; Taverner et al., 2005).  For example, expression 
profiling between dorsal and ventral mesoderm of early gastrula stage embryos 
uncovered several new genes involved in organizer formation, together with almost all 
previously identified organizer specific genes such as Gsc (Peiffer et al., 2003). 
To understand better how the specification of L-R asymmetry is achieved by 
initial cue of L-R asymmetry during post-gastrula stage and how the specified L-R bias is 
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translated into asymmetric organ morphogenesis at more later stage of embryo 
development, I tried to identify new molecules involved in these processes by performing 
several screening experiments such as PCR-based subtractive cDNA screening, Xenopus 
cDNA microarray (by collaboration with Ken Cho lab in UC, David) and Affymetrix 
GeneChip.  Though I was not able to obtain any consolidated candidate molecule from 
these experiments, I will present some data generated from the processes of each 
experiment in this chapter.  In the last part, I will also discuss the problems of each 
method and suggest some of experimental improvements for achieving the final goal in 
this study. 
 
Results 
 
Determination of stages and tissues for collecting samples 
The expression of Xnr1 in neurula and early tailbud Xenopus embryos is very 
dynamic (Lowe et al., 1996; Fig. 5.1A).  After bilateral chordoneural-hinge-proximal 
expression flanking the posterior notochord at St 18, Xnr1 expression is asymmetrically 
detected in the left LPM thereafter, rapidly shifting anteriorly and then ventrally.  
Xlefty/Xatv also shows transient expression pattern in left LPM, moving its expression 
domain anteriorly and ventrally, which spatiotemporally follows the Xnr1 expression 
domain (Cheng et al., 2000; Fig. 5.1A).  The asymmetric expression of another Xnr1-
downstream target, XPitx2 is detected in the left LPM from St. 25 (Campione et al., 
1999), with a timing consistent with it being a downstream target of Nodal/Xnr1 
signaling.   
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Fig. 5.1  Stages and tissues for sample collection in screening experiments.  (A) Expression 
patterns of Xnr1 and Xlefty/Xatv on the left side during tailbud stages.  After transiently symmetric 
expression in posterior notochord, Xnr1 is asymmetrically expressed in the left LPM, with shifting 
its expression domain anteriorly, and then ventrally (arrows) during tailbud stages.  Xlefty/Xatv 
expression follows Xnr1 spatiotemporally.  (B) Schematic diagram showing transversal section of a 
stage 22-23 embryo.  Total RNAs were extracted from left and right (LPM+ectoderm) tissues, 
separately.  NT, neural tube; N, notochord; E, endodermal yolk mass; PARAXIAL; paraxial 
mesoderm; INT/MED, intermediate mesoderm; LPM. lateral plate mesoderm; ECTO, ectoderm.
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The temporal delay of Xlefty/Xatv expression compared to Xnr1 expression in the 
left LPM suggests the time when Xnr1 protein functions as a target gene inducer in this 
tissue.  In this viewpoint, broad expression pattern of Xlefty/Xatv at St 23 probably 
indicates an active role of Xnr1 protein at the same stage or slightly early stage such as 
St. 22.  In the several experiments described below, therefore, I used the left and right 
LPM collected from embryos at St. 22-23.  [Note: it was technically difficult to remove 
the endoderm completely from the LPM in a manner fast enough to allow sample 
collection in a short enough period (Fig. 5.1B).]  The experimental design is very similar 
to comparison of gene expressions between animal caps treated with and without an 
inducer such as Activin.  The left LPM-specific markers such as Xnr1, Xlefty/Xatv and 
XPitx2 were utilized as internal controls for confirming if tissue collection is correct and 
if screening and microarray experiments work properly. 
 
Screening with PCR-based subtractive cDNA cloning 
In the beginning of the study for isolating new genes engaged in L-R asymmetry, 
reliable microarray chips were not available in the Xenopus community.  Though 
prototype X. laevis microarray chips were built and utilized for evaluating its 
applicability, these chip sets contain only 864 gastrula cDNAs (Altmann et al., 2001).  
Because of these limitations, I used a non-microarray method such as a PCR-based 
subtractive cDNA screening to isolate L-R asymmetric genes.  This method was slightly 
modified from the original method developed by Wang and Brown (1991; Ausubel et al., 
2001).  The overall procedure is summarized in Fig. 5.2.  Briefly, double-stranded 
cDNAs were synthesized from total RNAs of left and right LPM, respectively.  After 
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Fig. 5.2  Flow diagram for PCR-based cDNA subtraction cloning.  Total RNAs purified from left 
and right LPMs were used to synthesize double-strand cDNAs, separately.  After digestion the 
cDNAs with Ras I and Alu I, a1/a2 and b1/b2 adapters were ligated to the fragmented left and right 
cDNA, respectively.  L0 and R0 were prepared by PCR amplification and then reciprocal 
subtractions were performed (L0-R0 an R0-L0).  In each case driver cDNA was labeled with bio-
11-dUTP during PCR synthesis.  For short hybridization, tracer and driver (L0-bio or R0-bio) 
cDNAs were mixed at a ratio of 1:20, denatured, and allowed to reanneal.  Long hybridization was 
performed with drivers made from subtracted cDNAs (Ln-bio or Rn-bio; n = subtraction number).  
Hybrids containing drivers were removed by treating streptavidin and extracting with phenol.  Short 
and long hybridizations alternated during subtraction.  When the subtractions were completed, the 
cDNAs were cloned into a vector to make subtracted library.
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digestion of each cDNA with restriction enzymes, different sets of adaptors were ligated 
to two sets of digested cDNAs.  These cDNAs were amplified with the appropriate 
primers, producing L0 and R0.  Both tracer, which is biotinylated with bio-11-dUTP, and 
driver cDNAs were made from each left and right cDNAs in the first and subsequent 
PCR amplifications, allowing subtraction with streptavidin after hybridization in both 
directions.  Short and long hybridization alternated to remove commonly abundant and 
rare sequences in both left and right LPM, respectively. 
After six rounds of subtractive enrichments, I confirmed the efficiency of 
subtraction by analyzing the difference of the amount of left-specific markers in each 
subtracted cDNA pool between left and right sides.  In slot blot analysis, each subtracted 
cDNA pool blotted on a filter was hybridized Xnr1 probe (Fig. 5.3A).  As expected, Xnr1 
signal was elevated along the subtraction.  Quantitative analysis using phosphoimager 
showed that the radioactivity in L6 was around 570 times higher than that in R6 (Fig. 
5.3B).  The other left-specific markers, such as Xlefty/Xatv and XPitx2, were also highly 
enriched in L6, compared to R6 (Data not shown).  In contrast, the signal of ubiquitously 
expressed EF1α (Krieg et al., 1989) was progressively reduced during subtraction in both 
left and right sides (Fig. 5.3C, D).  These data, therefore, indicate that the subtraction is 
successful. 
Next, I prepared plasmid libraries with enriched left and right cDNA pools using 
TOPO cloning kit (Invitrogen).  After plating each subtracted library into LB agar plates, 
four replica lifts were prepared from the each left and right cDNA library.  Two of the 
replica filters were hybridized with the L6 probe and other two with the R6 probe to pick 
candidate colons detected with only one probe.  From these experiments, I selected 80 
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Fig. 5.3  Efficiency of subtraction.  After six rounds of subtraction, the efficiency of subtraction 
was analyzed by dot blotting.  (A) Enrichment of Xnr1 after subtraction with left cDNA as a tracer 
and right cDNA as a driver.  Each of cDNA (150 ng) obtained from reciprocal subtraction was 
blotted onto a nitrocellulose membrane and hybridized with radio-labeled Xnr1 probe.  Note that 
Xnr1 signal is increased in subtracted left cDNAs.  Xnr1 on the left is positive control.  (B) 
Quantitation of Xnr1 enrichment by measuring radioactivity of band using phosphoimager.  (C) 
Removal of EF1α expressed in both left and right side after subtraction.  The blotted cDNA was 
hybridized with radio-labeled EF1α probe.  EF1α signal is reduced along the subtraction 
procedure.  (D) Quantitation of EF1α removal by measuring radioactivity of band using 
phosphoimager.  
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Fig. 5.4  Southern blottings for isolating genes enriched in right side.  (A) Duplicated 
membranes containing 50 clones that isolated from E. coli library screening were hybridized with 
left- and right-side subtracted cDNA probe (L6 andR6 probe), separately.  The clones hybridized 
with only R6 probe were selected for further analysis (see text for detail).  (B) Examples of PCR 
southern blotting.  L0 and R0 were blotted onto nitrocellulose membranes and hybridized with 
radio-labeled right-enriched probes that selected from the experiment shown (A) to confirm 
differential expression of selected candidate clones.  But, there were no clones expressed in only 
right side.
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and 50 clones from the enriched left and right cDNA libraries, respectively.  The 
differential enrichment of these clones was further confirmed by southern blotting.  For 
example, inserts of the selected right side clones were hybridized with the L6 and R6 
probes, separately, resulting in 22 clones detected with only the R6 probe (Fig. 5.4A).  
Similarly, twenty-three clones were selected from the left side.  Sequencing data 
indicated that the selected 22 clones from the right side contained 7 different cDNAs.  
Finally, I analyzed the differential expression of these right-specific candidate genes in 
unsubtracted samples by hybridizing the original left and right double-strand cDNA with 
each insert of the candidate clones as a probe.  None of candidate clones, unfortunately, 
showed any difference in between original left and right cDNA pools (Fig. 5.4B).  
Becuase all of candidate clones were false positives in the right side sample and several 
inserts in left side clones were expected to be fragments from left-specific markers such 
as Xnr1, Xlefty/Xatv and XPitx2, further analysis with left side candidate clones were not 
performed. 
 
Screening with Xenopus cDNA Microarrays  
The critical problems in the PCR-based subtractive screening describe above are 
the different efficiencies of two subtraction series in cross-subtraction, and bias in the 
relative representation of clones during PCR amplification, which seemed to explain the 
appearance of the false positives.  To overcome these problems, I utilized a microarray-
based gene screening method in collaboration with Dr. Ken Cho’s laboratory at the 
University of California, Irvine.  His laboratory has generated two types of high-density 
cDNA microarray slides by printing around 42,240 normalized Xenopus laevis neurula 
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cDNAs after PCR amplification.  One chip represents a normalized St. 25 cDNA library, 
the other a mixture of stage 15 and 25 cDNAs.  These neurula sets of clones represent a 
UniGene collection of nearly 14,000 cDNAs. 
All experimental processes, except tissue collection (Fig. 5.1B) and RNA 
extraction, have been done by Dr. Tetsuya Koide, a post-doctoral fellow in Cho’s 
laboratory, while I was involved in the post-hybridization data analysis.  The overall 
procedure is summarized in Fig. 5.5.  Total RNA was extracted from whole embryos, or 
dissected L and R LPMs at St. 22-23 using Trizol/LiCl precipitation methods.  RNA 
quality was confirmed by formaldehyde denaturing gel electrophoresis, measurement of 
OD260/280, and RT-PCR for left LPM-specific markers such as Xnr1, Xlefty/Xatv, and 
XPitx2 (Data not shown).  Amplified RNA was prepared from 4 µg of total RNA (nearly 
1~2 whole embryos or 16 pieces of LPMs) by one round of linear amplification using a 
T7 RNA polymerase-based method.  In the labeling step, random hexamers modified by 
small compounds, such as aminoallyl residues were added into the second round of 
cDNA synthesis, which allowed their subsequent coupling to Cy5-mono NHS ester.  In 
contrast, an amplified reference RNA from several stages (egg, stages 8, 9, 10.5, 15, and 
33) was labeled with Cy3.  After hybridization together with Cy5- and Cy3-labeled 
probes, data analysis was performed using the software package “GeneData 
Expressionist”. 
 In duplicate experiments with cDNA microarray chips containing a stage 25 
cDNA library, the “signal value” of each whole embryo, left and right LPM RNA sample 
in terms of a specific cDNA on the chips was represented by the average ratio value of 
Cy5 signal (signal intensity from whole embryo, left or right LPM)/Cy3 signal (signal 
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Fig. 5.5  Flow diagram for Xenopus cDNA microarray experiments.  Cy5 labeled cDNAs were 
made from total RNAs purified from whole embryos, left and right LPM, separately, via T7-
mediated RNA amplification.  Each of labeled cDNA was hybridized with Xenopus cDNA chips 
made by Cho’s laboratory in UC Irvine, together with Cy3-labeled stage mixed reference cDNA.  
Data analysis was performed by GeneData Expressionist.
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intensity from reference RNA).  From the ANOVA test (p-value < 1%), 1186 cDNA 
spots were selected as statistically differentially expressed genes among whole embryos, 
left and right LPM.  Among these spots, 299 cDNAs showed statistically significant 
differential expression between left and right LPMs (t-test, p-value < 1%) and finally, 7 
cDNAs that have a left/right ratio value of more than 2.0 were selected.  None of the 
known left-specific genes (Xnr1, Xlefty/Xatv, or XPitx2) were amongst these selected 
cDNAs.  These left-specific markers were also not detected in another experiment with 
cDNA microarray chips containing a mixture of stage 15 and 25 cDNA library clones.  In 
searching among the clones printed onto the microarray according to the list provided in 
the NIBB database (http://Xenopus.nibb.ac.jp/), Xlefty/Xatv and XPitx2 were found (Xnr1 
was added to the microarray printing at later stages), indicating that at least these two 
cDNA should have been detected by my analysis.  Therefore, failure of detection of the 
internal controls Xlefty/Xatv and XPitx2 as left-specific RNAs, together with the absence 
of the Xnr1 gene from the chips suggests that this was an unreliable data set.  Indeed, RT-
PCR with primer sets for the 7 “new genes” on an aliquot of the same RNA samples used 
to make the chip probes failed to show differential expression between the left and right 
LPM (data not shown). 
 
Screening with Xenopus Affymetrix GeneChips® 
In the microarray-based screening process for isolating genes involved in L-R 
development, detection of left LPM-specific markers such as Xnr1, Xlefty/Xatv and 
XPitx2 is an important internal control and indicator of the screening performance, 
allowing the evaluation of the quality of both the RNA samples and the microarray chip 
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printing and hybridization.  Failure to detect the left LPM-specific markers as described 
above led me to consider an alternative microarray platform, the Xenopus Affymetrix 
GeneChips®, for the screening experiment.  For economy, however, I first performed 
pilot experiments to test if the Xenopus Affymetrix GeneChip® is suitable for screening 
new molecules involved in L-R asymmetric patterning.  While I realize that rigorous 
microarray analysis requires a minimum of three independent replicates, and often more 
like 6-10, in order for differentially expressed genes to emerge robustly above the noise 
background, the preliminary data shown below as proof of principle were generated from 
one hybridization experiment.  
The Affymetrix GeneChip® contains around 14,400 Xenopus laevis transcripts 
whose sequence information was selected from public data sources such as GenBank 
(release 135.0, April 2003), dbEST (June 2003) and UniGene (build 36, June 2003).  
Before starting the experiment, I confirmed if the chip contains all of three left-specific 
markers by searching the public NetAffx database at Affymetrix.com.  Every experiment 
except tissue collection and total RNA extraction was performed in the core facilities of 
the Vanderbilt Microarray Shared Resource (Director, Dr. Shawn Levy).  The overall 
procedure is summarized in Fig. 5.6.  Like the previous experiments shown above, the 
expression of left-specific markers was confirmed by RT-PCR (Fig. 5.7A).  Total RNA 
quality was verified by using the Agilent Bioanalyzer, showing that the RNA was 
relatively pure and not degraded, despite the ratio of the 28s/18S being less than 2.0 as 
expected for a perfect RNA sample (Fig. 5.7B).  Double-stranded cDNAs were 
synthesized after a first-strand synthesis using a T7-oligo(dT) primer, and in vitro 
transcribed antisense cRNAs were then directly labeled by incorporating biotinylated 
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UTP and CTP and T7 RNA polymerase.  Unlike the competitive hybridization in the 
previous experiments with cDNA microarray described above, the labeled cRNAs from 
left and right LPM were hybridized with two identical but separate chips.  The labeled 
cRNAs complementary to the probe (“oligonucleotide probe sets” on the Affymetrix 
GeneChip®) were detected via streptavidin-phycoerythrin staining.  Signal intensity of 
each probe was used for subsequent statistical analysis as described below. 
The statistical analysis performed by Affymetrix® Microarray Suite Version 5.0 
consists of single array analysis and comparison analysis.  The single array analysis 
generates “Detection p-value” and “Signal”.  In Xenopus Affymetrix GeneChips®, a 
probe set on the array is designed with 16 oligonucleotide pairs to detect one transcript. 
Each pair consists of perfectly matched 25-mer oligonucleotides and mismatched sister 
oligonucleotides with a single base substitution at position 13.  So, the first step for 
calculating Detection p-value is the measurement of the relative signal difference 
between perfect match and mismatch, called the Discrimination Score [R].  The [R] of 
each probe pair is then compared to an arbitrary user-set threshold level (tau) and 
Detection p-Value calculates the probability that the [R] of all probe pairs in one probe 
set fall above tau.  Therefore, whereas low Detection p-Values (less than 0.04 at the 
default setting) indicate presence (P) of a certain transcript, high Detection p-Value (more 
than 0.06 at the default setting) indicates absence (A) of a specific transcript.  [Note: P 
and A Detection p-Values can be varied by the user during analysis.]  Similar to the 
Detection p-value, the Signal Value is determined from each probe pair in a probe set and 
indicates the relative abundance by single intensity of a transcript.  In comparison 
analysis, the intensity differences of perfect match and mismatch between L and R 
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Fig. 5.6  Flow diagram for microarray experiments with Xenopus Affymetrix GeneChips®.  
After total RNA quality test, double-strand cDNAs were synthesized with T7-oligo(dT) primers.  
Biotin-labeled cRNAs were synthesized from the left and right double-strand cDNAs and then 
hybridized with Xenopus Affymetrix GeneChips®, separately.  The statistical single array analysis 
and comparison analysis were performed by Affymetrix® Microarray Suite Version 5.0.
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Fig. 5.7  Tests for tissue contamination and total RNA quality.  (A) After LPM collection, the 
expression of left LPM-specific markers, such as Xnr1. Xlefty/Xatv and XPitx2 was confirmed by 
RT-PCR.  These markers were detected only in left LPM samples and whole embryos (+) but not in 
right LPM samples, indicating no contamination of right LPM with left LPM during tissue collection.  
–RT, +RT controls are from whole embryos at St. 22-23.  (B) Analysis of total RNA quality using 
the Agilent Bioanalyzer.  In graphs, x- and y-axis represent size (time) and fluorescence (amount), 
respectively.  The right side of each graph shows a representation of the graphs in ‘gel’ form.
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samples are compared against each other to detect and quantify changes in gene 
expression, which generates a “Change p-Value” and “ Signal Log Ratio”.  The Change 
p-Value measures the probability that the expression levels of a probe set in two different 
arrays hybridized with L and R samples are the same or not, which is used to generate 
“Change Calls” such as increase (I) or decrease (D) using thresholds.  Signal Log Ratio 
(SLR) indicates the change in expression level for a transcript between left and right 
samples and is expressed as the log2 ratio. 
To verify the efficiency of screening with Xenopus Affymetrix GeneChips®, I 
checked the expression profiles of several genes whose expression domains are already 
been known at St. 22-23.  First, ubiquitously expressed genes, such as ODC and GADPH, 
were detected as present with no change of those expression levels in both sides (Table 
5.1), indicating successful calling of genes expressed with bilateral equivalence.  In the 
expression profile of tissue-specific genes, Shh and Wnt8b, which mark notochord and 
dorsal diencephalon, respectively (Ruiz i Altaba et al., 1995; Ekker et al., 1995; Cui et al., 
1995) were both called absent from L and R samples, and with a “background signal 
level” that was about the same between samples (Table 5.2).  In contrast, Wnt8 expressed 
in the ventral region at St. 22-23 (Christian et al., 1991) was called present in both sides, 
and detected at about the same signal intensity in the L and R samples.  However, somitic 
mesoderm markers, MyoD and Myf-5 (Hopwood et al., 1989; 1991), were detected in this 
screening, and there was an increased signal for MyoD expression in the left side sample 
(Table 5.2).  These results suggest that left and right samples were contaminated 
unequally with paraxial mesoderm tissue, such as somite, during tissue collection.  Next, 
I checked if Xnr1, Xlefty/Xatv and XPitx2 were detected as left-specific genes.  This 
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screening detected Xnr1 and two alloalleles of Xlefty/Xatv (XatvA and XatvB) in the left, 
but not right, sample and the change call of these two genes was “Increased” in the left 
side, with a high SLR value (Table 5.3).  Among three XPitx2 probe sets, however, only 
one set detected XPitx2 in the left sample, and with a very low signal intensity, and all 
three probe sets showed equivalent XPitx2 expression in both L and R sides.  It has been 
previously established that alternative splicing generates XPitx2b and XPitx2c, with 
XPitx2c only being expressed in the left LPM (Schweickert et al., 2000).  Since XPitx2 
probes are designed from common exons of both of these isoforms, however, the probe 
sets should have detected XPitx2 in the left sample.  Therefore, failure to detect L-sided 
XPitx2 RNA in this pilot experiment seems to be a potential problem in hybridization, 
perhaps because of an unstable duplex (there are likely to be polymorphic mismatches 
arising because of the outbred nature of the Xenopus system) between labeled XPitx2 
cRNA and oligonucleotides in XPitx2 probe sets.  In addition, there is sequence variation 
in the probe-set area between the two isoforms that could reflect the species 
allotetraploidy. 
The list of candidate left-specific clones was generated based on the criteria 
shown by Xnr1 and Xlefty/Xatv: 1) Present in left and absent in right; 2) change call is 
“Increase”; 3) SLR is more than 1.  These criteria allowed me to select 17 clones (Table 
5.4).  For further analysis, I selected 10 candidates (blue text in Table 5.4), including a 
zinc finger protein and a gap junction protein.  Initially, differential expression of these 
genes between left and right LPM was tested by RT-PCR with cDNAs that were 
synthesized from the same originally extracted total RNA samples used as templates for 
the Affymetrix GeneChip® microarray (Fig. 5.8).  To ensure that PCR was performed in 
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the linear range, the number of PCR cycles was varied from 20 to 36.  In this experiment, 
eight out of ten candidates showed differential expression between left and right samples.  
Therefore, the expression pattern of these eight candidates in the embryos was tested by 
in situ hybridization, which was performed by Lindsay Bramson, a new graduate student 
in Wright lab.  In contrast to RT-PCR data, all candidate genes, except Ring, which 
showed only a very weak diffuse essentially unlocalized signal, seemed to be bilaterally 
expressed in somitic tissue at high levels, and not in the LPM at appreciable levels (Fig. 
5.9).  I conclude that because of contamination from somitic tissue, which was more 
prevalent in the L-side sample, that all 8 candidates are false hits as L-specific transcripts. 
 
Discussion 
The action of the Nodal signaling cascade in the left LPM is considered as a 
conserved mechanism to specify L-R asymmetric pattern during vertebrate 
embryogenesis, and connecting diverse initiation processes of L-R asymmetry to later L-
R morphogenesis.  Therefore, functional studies of genes involved in L-R development 
attempted to show the relationship between these genes and Nodal signaling.  However, it 
is possible that there are other mechanisms for the specification of L-R asymmetry than 
the Nodal signaling cascade.  For example, disruption of cSnR, a zinc finger transcription 
factor expressed in right LPM, randomizes the direction of heart looping in chicken 
embryos (Isaac et al., 1997).  In addition, left-side specific genes such as Nodal, Lefty, 
and Pitx2 have been discovered from studies in early embryogenesis than in L-R 
asymmetry.  Consequently, it is necessary to carry out gene discovery experiments 
focusing on the specification process of L-R asymmetry.  My specific aim for this chapter  
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Fig. 5.8  Analysis of differential expression of candidate genes via RT-PCR.  RT-PCR was 
performed with cDNA synthesized from the same total RNA as making probe for Affymetrix 
microarray experiments with candidate gene primer sets.  Xnr1, Xlefty/Xatv, XPitx2 are positive 
controls.  ODC is a loading control.  SLR, signal log ratio shown Table 5.4.  –RT, +RT controls are 
from whole embryos at St 22-23.  
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Fig. 5.9  In situ hybridization analysis of the expression of candidate genes.  Unlike Xnr1 
expression, all of candidate genes except Ring were expressed in the somite bilaterally.  Sense 
indicates Xnr1 sense probe and used for negative control.
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is to identify new genes involved in L-R specification via screening experiments. 
 
PCR-based subtractive cDNA screening 
Subtractive screening has been a strong technique for isolation of mRNAs 
differentially expressed in two cell populations, although it seems to have been 
superceded by the arrival of the microarray technique.  Unlike the original subtractive 
screening in which the amount of cDNA becomes rapidly decreased after subtraction, the 
subtracted cDNA can be amplified by PCR after subtraction in the improved protocol 
reported by Wang and Brown (1991), allowing multiple rounds of subtraction.  Another 
characteristic feature in this PCR-based subtractive cDNA screening is that two cDNA 
populations are cross-subtracted, allowing isolation of genes expressed preferentially in 
left or right LPM, simultaneously.   
The data showed that whereas the left-specific markers such as Xnr1, Xlefty/Xatv 
and XPitx2 were highly enriched after six rounds of subtraction, ubiquitously expressed 
EF1α was progressively removed during the subtractions (Fig. 5.3; data not shown).  
These results suggest that the subtractions worked efficiently.  Despite the enrichment of 
the internal control cDNAs, however, there were no candidate cDNAs expressed 
differentially in either left or right side (Fig. 5.4), indicating that these candidate genes 
were differentially represented in the final L6 and R6 cDNA populations, but that this 
was not the case in the starting L0 and R0 cDNAs.  There are two critical problems in 
PCR-based subtractive cDNA screening in terms of false positives.  First, multiple rounds 
of PCR could introduce biased amplification of cDNAs.  Second, different efficiency of 
cross-subtraction could result in false positives.  Therefore, it is possible that different 
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efficiency of cross-subtraction results in altering the abundance of certain cDNAs 
representing genes that are in reality expressed equally within the left and right LPM, and 
that this difference is exaggerated in the final subtracted cDNA pools after several rounds 
of PCR amplification.   
In addition to producing false positives, PCR-based subtractive cDNA screening 
has other disadvantages. It is not easy to isolate full-length clones after subtraction.  The 
procedure is also very time- and labor-consuming, and there are multiple treatment steps 
that could result in losses (and introduce length-related PCR biases) such as the steps that 
involve digestion of the cDNAs into fragments by freuqnet-cutting restriction enzymes 
such as RsaI and AluI.  In principle, many of these technical issues are absent from the 
relatively direct comparisons afforded by the use of the microarray technique. 
 
Microarray screening 
Microarrays provide great opportunities to identify the differences of gene 
expression between different cell populations and to find target genes of key 
developmental regulators because the expression of thousands of genes can be analyzed 
simultaneously.  Recent applications of microarray proved the usefulness of this 
technique for carrying out large-scale expression analysis in Xenopus embryogenesis. 
(Peiffer et al., 2003; Shin et al., 2005; Taverner et al., 2005)  The microarray slides used 
in these experiments contains 42,240 cDNAs from a normalized X. laevis cDNA library 
(Peiffer et al., 2003; Shin et al., 2005).  These chips have been used to identify novel 
genes expressed in Spemann’s organizer or in neural tissue and to isolate new target 
genes of VegT or growth factors such as activin, BMP, and Wnt3.  Because of reliable 
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identification of previously known genes as well as new genes in these experiments, the 
same cDNA chips were chosen for the attempts to identify novel genes involved in L-R 
asymmetry in collaboration with Ken Cho laboratory.  However, none of the internal 
controls such as Xnr1, Xlefty/Xatv, and XPitx2 were detected as left-specific genes in 
these experiments.  Similarly, in other groups’ experiments with the same cDNA chips in 
collaboration with the Cho laboratory, searching for VegT target genes did not detect 
some established targets such as Bix/Mix (Henry and Melton, 1998; Rosa, 1989; Tada et 
al., 1998) and Xnrs (Jones et al., 1995; Joseph and Melton, 1997; Takahashi et al., 2000).  
Since left-specific markers are relatively highly expressed in the left LPM (as estimated 
by the relative ease of detection by PCR at low cycle numbers), these genes may be 
poorly represented or missed on these cDNA microarray slides by variations during 
spotting the cDNAs on the slide.  Otherwise, it is possible that the resolution for 
distinguishing between individual members of a multigene family may be relatively low 
based upon sequence similarity and cross-hybridization, and there is a compounding issue 
of the match between the spotted cDNA sequences and variations based upon the fact that 
there are very few inbred Xenopus strains (in fact, none were used in these studies). 
Another potential problem of inaccurate curation became apparent when NIBB EST 
clones selected as Xnr1 homologs in the NCBI EST search were used for homology 
searches in NIBB database.  These NIBB EST clones were identified as more similar to  
Xnr2, but not Xnr1 itself, indicating either the absence of Xnr1 on the printed slides, or 
some inaccuracy in the NIBB database annotation system.   
In contrast to cDNA microarray, left-specific genes were found in the NetAffx 
database, indicating the existence of all of three internal control genes in the Affymetrix 
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GeneChips® and, indeed, Xnr1 and Xlefty/Xatv were detected as highly expressed in left 
LPM (Table 3, 4) in this pilot experiment.  Importantly, this screening successfully 
distinguished Xnr1 from other Xnr family members as a left-specific gene, indicating 
relative high resolution for identifying a specific gene amongst a family of related genes 
in screening with Affymetrix GeneChips®.  A potential problem in Affymetrix 
GeneChips®, however, is the sequence variation between the Xenopus laevis 
genome/cDNA sequences represented on the chips and the RNA samples collected for 
the hybridizations, because of the generally outbred nature of this system.  Although 16 
probe sets are used for determining if a gene is detected or not, sequence variations could 
reduce the hybridization efficiency between perfect match probe set and labeled RNA, or 
even increase it between the chosen mismatch probe set and labeled RNA, both of which 
would lead to incorrect calls. 
In situ experiments showed that the candidate genes were expressed in the somitic 
tissue, but not in LPM (Fig. 5.9), in spite of being called as more increased in the L side 
LPM in both the microarray and RT-PCR experiments (Table 4; Fig. 5.8).  These results 
imply that the initial tissue collection is very important to obtain correct results in the 
final step in microarray experiment, and highlight the need to identify enriched 
expression on the basis of several replicate experiments on separately prepared samples.  
To prevent contamination with tissues like the somite, I propose that it would be better to 
dissect the LPM more carefully with a finer instrument such as a Gastromaster®, an 
electronically controlled microsurgery instrument that uses micro-controlled turbulence 
waves generated from a carefully sized and shaped platinum cutting tip.  In addition, the 
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expression of several tissue-specific markers should be tested, perhaps via RT-PCR, after 
tissue collection in order to verify tissue cleanliness more precisely. 
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CHAPTER VI 
 
SUMMARY AND FUTURE DIRECTIONS 
Many intensive studies on embryogenesis have suggested that dynamic cellular 
interactions are essential for diverse developmental processes such as cell fate 
specification and patterning of the vertebrate embryos.  Among several molecules that 
mediate intercellular interactions, Nodal or Nodal-related factors are evolutionarily 
conserved signaling molecules involved in several processes: mesendoderm induction, 
overall axial patterning and tissue movements, and L-R axis formation.  During these 
processes, Nodal signaling activates the transcription of both Nodal itself and its 
antagonist, Lefty/Antivin.  In the studies presented in Chapter III and Chapter IV of this 
dissertation, I investigated the function of Lefty/Antivin as a negative feedback regulator 
of Nodal/Xnr signaling during Xenopus early embryogenesis via MO-based loss-of-
function studies.  Although Lefty/Antivin MO has been previously used for loss-of-
function studies in Xenopus embryos (Branford and Yost, 2002; Tanegashima et al., 
2004) and some of the data shown here were similar to those reported previously, I 
analyzed more thoroughly the molecular consequences of causing a stronger depletion of 
function by blocking both Xlefty/Xatv alloalleles.  The general conclusion that 
Lefty/Antivin negatively controls Nodal signaling is similar to that of the previous studies 
in mouse, zebrafish and Xenopus.  Compared to the previous Xenopus studies, however, 
my data showed that Nodal target genes, including both mesodermal and endodermal 
markers, were upregulated and massively expanded in Xlefty/XatvMO morphants and 
that Xnrs expressions were expanded but limited to the marginal zone even in the 
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stronger Xlefty/Xatv knockdown situation, indicating the presence of other inhibitors to 
restrict Xnr signaling and/or transcription.  Indeed, I provided evidence supporting the 
idea that Xbra provides an indirect block to Xnr expression, suggesting that in the normal 
embryo, Lefty and Xbra synergistically limit the function of Nodal signaling.  Together 
with limited Xnr expression, dramatic expansion of Xbra toward the animal pole in 
Xlefty/Xatv-deficient embryos suggests that some of Xnr signal is inherently long-range, 
a notion supported by the suppression of ectopic Xbra expression using Xnr-specific 
inhibitors, such as CerS and tALK4.  Finally, I demonstrated the restricted Xnr2 
expression to the superficial layer both in normal and increased Xnr autoactivation 
condition, implying an interesting tissue layer-specific constraint in the cells that are 
competent to express Xnr2. 
In addition to mesendoderm formation, Nodal signaling has been implicated in L-
R axis formation as a primary determinant of left-sidedness.  Several studies suggest that 
the conserved expression of Nodal and its potential target genes Lefty/Antivin and Pitx2 
in the left LPM are highly related to L-R specification and later asymmetric 
morphogenesis.  However, the initial identification and functional analysis of these genes 
occurred as a result of studies of early embryogenesis, such as mesendoderm formation, 
and not from direct studies on L-R development.  Under this rationale, I attempted to 
isolate new players for L-R asymmetric pathways using several screening methods such 
as PCR-based subtractive cDNA cloning, cDNA microarray, and Affymetrix 
GeneChips.  In these experiments, I could so far not obtain any candidates expressed 
specifically on either the left or right side.  Nonetheless, I concluded that screening with 
Affymetrix GeneChips is likely to be an appropriate method for isolating new molecules 
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involved in L-R development because it reliably detected the internal controls such as 
Xnr1 and Xlefty/Xatv, and it is an unbiased and rapid screening approach. 
 
The role of Xlefty/Xatv during early embryogenesis 
Intensive marker analysis of my studies, together with the previous data from 
several model species, strongly support the current model that Lefty/Antivin is a 
powerful determinant of the strength, duration and range of Nodal/Xnr signaling during 
early embryogenesis (Meno et al., 1999,2001, Agathon et al., 2001; Chen and Schier, 
2002; Feldman et al., 2002; Branford and Yost, 2002; Tanegashima et al., 2004).  Recent 
studies using a Smad2-responsive reporter assay in cell culture and zebrafish embryos 
(Chen and Shen, 2004; Cheng et al., 2004), have suggested that Lefty/Antivin might be 
the specific antagonist for EGF-CFC co-receptor-dependent signaling such as Nodal and 
Vg1 signaling by interacting with either EGF-CFC or Nodal itself. 
Recently, it has been proposed that Lefty/Antivin might also negatively regulate 
Wnt signaling as well as Nodal/Xnr signaling in Xenopus embryos (Branford and Yost, 
2002).  In this study, Xlefty/Xatv deficiency results in increased expression of Xnr3, a 
direct target of Wnt signaling (Smith et al., 1995), as well as Xnr-responsive genes.  
Furthermore, Xlefty/Xatv overexpression inhibits the expression of Xnr3 induced by Wnt8 
overexpression in animal side of embryos.  However, I could not detect any significant 
difference in the expression of Xnr3, and Siamois, another downstream target of Wnt 
signaling (Lemaire et al., 1995) during gastrulation even in the stronger Xlefty/Xatv 
knockdown condition (data not shown).  Future studies should be focused on this issue in 
order to clarify if Lefty/Antivin regulates Wnt signaling pathway directly or not.  
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According to previous data, Smad2 pathways can co-operate with the Wnt pathway to 
induce much stronger expression of Siamois than by the Wnt pathway alone, even though 
it is only Wnt signaling that directly induces Siamois (Crease et al., 1998).  In this study, 
furthermore, the expression of Siamois and Xnr3 was reduced when dominant negative 
activin receptor was overexpressed in the dorsal side of embryos, suggesting that TGF-β 
signaling and Wnt signaling synergize to maximally induce the expression of these “Wnt-
responsive” genes.  This cooperation between two signaling pathways is also needed to 
optimally activate Xtwn, a Wnt-signaling-responsive gene, via the interaction of Smad2 
or Smad3 with Xtcf3/Lef1, and the interaction of Smad4 with β-catenin/Lef1 in the Xtwn 
promoter (Labbe, et al., 1998, 2000; Nishita et al., 2000).  To test if Xlefty/Xatv inhibits 
Wnt signaling generally, therefore, it would be necessary to examine the expression of all 
Wnt-responsive genes such as Xtwn, Siamois, and Xnr3 after injecting Xlefty/Xatv MO 
into whole embryos, or coinjecting Wnt8 and Xlefty/Xatv RNA in animal caps.   
If Xlefty/Xatv plays a role in regulating Wnt signaling directly, as Branford and 
Yost (2002) proposed, the next question would be how Xlefty/Xatv could mechanistically 
interact with components of the Wnt signaling pathway.  The most feasible target might 
be the EGF-CFC cofactor.  Very recently, it has been proposed that maternal Wnt11 is 
the extracellular ligand that activates the maternal canonical Wnt signaling program 
associated with establishing the dorsal side of the embryo (Tao et al., 2005).  In this 
process, interestingly, Wnt11 seems to interact with HSPG (heparan sulfate 
proteoglycans), FRL1 (Xenopus EGF-CFC) and Xfz7 to promote canonical Wnt 
signaling.  Because Lefty/Antivin physically interacts with EGF-CFC (Chen and Shen, 
2004; Cheng et al., 2004; Tanegashima et al., 2004), the elucidation of EGF-CFC 
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function on Wnt signaling via Wnt11 could produce molecular level data on how 
Lefty/Antivin negatively regulates Wnt signaling during blastula and gastrula stage cell 
specification processes.  
 
Signaling range of Xnr 
Several loss-of-function studies have provided the general conclusion that 
Lefty/Antivin plays an important role for determining the range of Nodal signaling 
(Meno et al., 2001; Agathon et al., 2001; Chen and Schier, 2002; Feldman et al., 2002; 
Branford and Yost, 2002; Tanegashima et al., 2004).  My study also supported this 
conclusion by showing massive expansion of the expression of Xnr-responsive gene such 
as Xbra in Xlefty/Xatv-deficient embryos.  Furthermore, the limited Xnr expression and 
the localized suppression of ectopic Xbra expression by Xnr-specific inhibitors such as 
CerS and tALK4 in Xlefty/Xatv-deficient embryos indirectly suggested that Xnrs might 
be long-range signaling molecules.  Although I was not able to examine the signaling 
range of each Xnr as was done in the studies of zebrafish Squint and Cyclops (where it is 
possible to generate an embryonic background that is incapable of mounting a Nodal 
autoregulatory loop; i.e., there is no signal relay), recent findings on molecular movement 
in Xenopus tissue suggest that a strong candidate for long-range Xnr signaling would be 
Xnr2 (Williams et al., 2004). 
Overexpression studies in zebrafish and frog have proposed that Lefty/Antivin 
can act at long range to inhibit Nodal signaling in distant cells (Chen and Schier, 2002; 
Branford and Yost, 2002).  So, ectopic expression of Leftys in the region of the animal 
pole blocked the expression of Nodal-downstream genes at the far-away marginal zone in 
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zebrafish and frog embryos.  When the distance of movement of mouse Nodal-GFP and 
Lefty-GFP fusion proteins was compared in chicken embryos, interestingly, both Nodal-
GFP and Lefty-GFP fusion proteins traveled over long distances but Lefty moved farther 
and faster than Nodal (Sakuma et al., 2002).  Therefore, it has been suggested that the 
relationship between Nodal and Lefty is very similar to reaction-diffusion models for 
inducer/antagonist signaling loops in embryonic patterning (Turing, 1952; Gierer and 
Meinhardt, 1972; Meinhardt and Gierer, 2000; Juan and Hamada, 2001; Chen and Schier, 
2002). 
The open question to be addressed would be how the range and speed of Nodal 
and Lefty/Antivin are regulated in normal embryonic tissue.  Although it is not clear if 
the movement mechanism of all members of the Nodal family is conserved, an EGFP-
Xnr2 fusion protein was shown to move and act on distant cells by diffusing through 
extracellular space in Xenopus animal cap tissue (prospective ectoderm; Williams et al., 
2004).  Therefore, an important factor in determining signaling range might be the 
stability of Xnr proteins in the extracellular space.  In other words, stabilized Xnr should 
travel farther than unstable Xnr.  According to biochemical studies, the stability of mouse 
Nodal protein was affected by the presence of the pro-domain and the molecule was 
stabilized by the addition of an N-glycosylation site into the ligand region in the same 
place as occurs in Xnr2 (Le Good et al., 2005).  The presence of both pro domain and the 
inserted N-glycosylation site increased the stability of the mature Nodal ligand, and it 
acted at a longer range than wild-type form.  Interestingly, all Xnrs except Xnr5 contain a 
putative N-glycosylation site in a predicted surface-exposed loop proximal to the 
conserved α-helix 3 of the TGF-β family ligand domain (Le Good et al., 2005).  
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Furthermore, the mature domain of Lefty/Antivin family in Human, Mouse, zebrafish and 
frog includes at lease one N-glycosylation site (JJ Westmoreland, personal 
communication).  Therefore, it would be important to test if the processing and 
glycosylation of Xnrs and Xlefty/Xatv affect the stability of these proteins, their resulting 
range of signaling, and if these post-translational modifications are regulated in space and 
time.   
Another challenging question regarding ligand stability may be the function of 
heparan sulfate proteoglycans (HSPGs).  Many studies in Drosophila have demonstrated 
that HSPGs affect the shape of morphogen activity gradients by stabilizing diffusible 
ligands (Kramer and Yost, 2003).  For example, Dally regulates the gradient of Dpp, a 
Drosophila TGF-β family member so that Dally overexpression leads to the extracellular 
accumulation of Dpp (Fujise et al., 2003).  In the case of Wnt (together with Hedgehog 
and Dpp), proteins that are involved in proteoglycan biosynthesis can modulate cellular 
sensitivity to ligand, or ligand movement (Han et al., 2004; Takei et al., 2004).  So far, 
there is no evidence that Nodal or Lefty family member interacts with HSPGs.  However, 
one might presume, for example, that a Lefty-specific HSPG, expressed broadly in the 
embryo, could act to stabilize Lefty, and not affect Nodal ligand, severely influencing the 
activity and range of Lefty, and preventing Nodal signaling distant from its source of 
secretion.  
 
Multiple levels of regulations of Xnr expression  
As shown in Chapter V, several regulatory mechanisms are likely to modulate the 
spatiotemporal expression of Xnr2.  Generally, Xlefty/Xatv is essential for regulating 
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Xnr2 expression at the extracellular level through inhibiting the Xnr autoregulatory loop.  
In contrast, Xbra seems to regulate Xnr2 expression indirectly at the transcriptional level 
probably via an unknown factor that is activated by Xbra, which then inhibits Xnr2 
expression cell-autonomously.  In addition, Xnr2 expression may be also modulated by 
an interesting competence phenomenon that allows only the superficial cell layer to 
activate Xnr2 expression.  These data indicate that the combination of domain-specific 
multiple transcriptional activation and inhibition would determine the restricted Xnr2 
transcription domain seen in normal embryos.  Like Xnr2 expression, the expression of 
Xnr3, a Wnt signaling-responsive gene, is also restricted to the superficial cell layer both 
in normal embryos and in Wnt or β-catenin injected animal caps (Smith et al., 1995; 
McKendry et al., 1997; Hansen et al., 1997; Kofron et al., 2004).  In contrast, Siamois, 
another Wnt signaling target gene, is expressed in both superficial and deep cell layers of 
dorsal side (Lemaire et al., 1995).  Since the LEF-1/β-catenin complex may be required 
for the transcription of both genes in response to Wnt signaling (Brannon et al., 1997; 
McKendry et al., 1997), other transcriptional regulatory factors probably regulate the 
outer layer-specific expression of Xnr3.  Therefore, functional analysis of region-specific 
transcription factors will be necessary in order to fully understand the restricted 
expression of Xnr2, as well as Xnr3. 
Comparison of global gene expression profiles between the superficial and deep 
cell layer via microarray techniques (probably requiring RNA amplification methods) 
might not be appropriate for addressing this issue because of technical difficulties in 
collecting each tissue without contamination.  Instead, reporter gene assays could identify 
cell layer-specific regulators.  For example, genomic DNA binding sites for a region-
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specific regulators could be determined by examining the expression of reporter genes 
such as GFP and β-galactosidase driven by serially deleted versions of the Xnr2 genomic 
enhancer/promoter fragments, either by in situ hybridization and/or direct visualization of 
the protein products.  If the regulator functions as an activator for Xnr2 expression only in 
the superficial layer, reporter expression would be absent from both superficial and deep 
cell layers if the superficial layer-specific binding site was lacking from the reporter 
construct.  In contrast, if a regulatory site suppresses Xnr2 expression in the deep cell 
layer, reporter gene expression would occur in both layers when it was deleted from the 
reporter constructs.  The regulator could then be isolated via pull-down of regulator-
binding DNA fragments incubated with embryo extract and mass spectrometry, yeast 
one-hybrid approaches, or candidate factor tests.  The similar strategy could be applied to 
identify region-specific regulator binding sites for Xnr3 in the superficial layer, which 
might determine commonality with Xnr2 regulation.  
A potential problem of reporter assay, however, is the mosaic inheritance of DNA 
plasmids in early embryos resulting from the lack of incorporation into the chromosome, 
which would lead to incorrect read-out of reporter expression.  An approach to overcome 
this limitation might be a transgenic technique with which reporter constructs are readily 
incorporated into the genome (Kroll and Amaya, 1996; Hirsch et al., 2002).  In traditional 
transgenic methods in Xenopus developed by Kroll and Amaya (1996), a linearized 
transgene construct become integrated into sperm DNA by restriction endonuclease 
mediated integration (REMI).  But, the problem of this method is the relatively low 
efficiency of transgenesis because of mechanical damage to the sperm nuclei during 
transfer to the egg through the injection needle (Ogino et al., 2006).  Very recently, the 
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efficiency of transgenesis was highly improved by the coinjection of meganuclease I-SceI 
and a transgene construct flanked by two I-SceI sites into fertilized eggs in Xenopus 
tropicalis (Ogino et al., 2006).  With this method, approximately 30% of injected 
embryos expressed transgenes in a promoter-dependent manner.  Although very likely, it 
is not known yet if the expression pattern of the Xnr2 homolog in Xenopus tropicalis is 
the same as in Xenopus laevis.  Several lines of evidence support the general idea of high-
level conservation of expression patterns between these species, such as in the cases of 
Sox17α and Xnr3 during gastrulation (D’Souza et al., 2003; Haramoto et al., 2004).  
Therefore, reporter assays using the improved transgenesis technique in Xenopus 
tropicalis could be very helpful in identifying the layer specific-regulators of Xnr2 
expression.   
 
Identification of novel molecules related to asymmetric L-R patterning 
A large number of studies using microarray techniques have shown that these 
approaches supersede the traditional gene screening methods such as PCR-based 
subtractive screening in that the former is an unbiased and rapid screening method and 
can simultaneously analyze the expression profiles of many thousands of genes among 
several biologically different samples (Schena et al., 1996; Hill et al., 2000; White et al., 
1999; Furlong et al., 2001; Arbeitman et al., 2002; Lo et al., 2003; Miki et al., 2001; 
Mody et al., 2001).  In pilot experiments with Xenopus cDNA microarray chips made by 
Ken Cho’s lab and Affymetrix GeneChips®, two of the three internal controls (i.e., Xnr1 
and Xlefty/Xatv) were detected as left specific-genes in Affymetrix GeneChips® but not in 
the Cho laboratory’s cDNA microarray chips.  These results, therefore, suggest that the 
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cDNA microarray chip is not optimal for studying L-R development, despite the 
successful use of these chips for identifying regulated suites of genes from earlier 
developmental processes (Peiffer et al., 2003; Shin et al., 2005; Taverner et al., 2005).  
While no new L-R regulator candidates have been isolated from the single pilot 
experiment with Affymetrix GeneChips®, this method may work well if we can collect 
tissues more carefully and improve the data fidelity via repeated experiments.   
One potential result from Affymetrix GeneChips® screening is to find no 
additional differentially expressed genes aside from Xnr1, Xlefty/Xatv and XPitx2.  
Although the stage for tissue collection was determined based on the relatively maximum 
expression level of Xnr1 and Xlefty/Xatv, it is possible that the level of Xnr1 signaling at 
this time has not yet reached the peak level for the induction of downstream target genes.  
Or, genes expressed in an asymmetric manner at later stages might not show any such 
difference in expression at the stage corresponding to this first analysis.  Therefore, it 
would be necessary to analyze gene expression profiles at later stages, such as St. 26-27, 
a time when the expression of XPitx2, another Nodal downstream target, becomes robust.  
If any candidates were not detected from this alternative experimental design, it would 
indicate that differences of gene expression between L-R LPM are very subtle, and thus 
not so easily detected by Affymetrix GeneChips® assays.  In this case, asymmetric gene 
expression in L LPM might be able to be “super-induced” by injecting pCSKA-Xnr1 
plasmid into left blastomeres at the 4 cell-stage.  The differential L versus R gene profile 
could then be analyzed between Xnr1 overexpressing L LPM and normal R LPM.   
In addition to a proper experimental design, precise data analysis after 
hybridization is crucial for identifying differentially expressed genes.  Recent comparison 
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experiments showed that data analysis performed by Affymetrix MAS 5.0 used in my 
study was significantly improved by using another statistical method such as log scale 
robust multi-array analysis (RMA; Irizarry et al., 2003a, 2003b).  Unlike the Affymetrix 
MAS 5.0 in which data measurements rely on the difference of intensity between Perfect 
Match Probe (PM) and Mismatch Probe (MM), RMA uses only log PM values, because 
of the problem that MM signals sometimes reflect real signals, not just non-specific probe 
binding.  Intensive spike-in and dilution studies have suggested that RMA has better 
precision, in particular, for lower expression values and provides more consistent 
estimates of fold change to detect differential expression (Irizarry et al., 2003a, 2003b).  
Data analysis using RMA, therefore, could increase the chance to detect precisely novel 
molecules expressed differentially in L and R LPM.
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